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ABSTRACT

The effect of ferromagnetism on intergranular
segregation and solid solubility in Fe .was theoretically
investigated and the solid solubility of P in alpha Fe was®
ezper1m2ﬁtally 1nvestwgated

Far the solub11<fy measurements a special apparatQS ]
was constructed to pi!ﬂuce highf; rity iron phosphide fram
elemental iron and phosphorus. fsz iraq phosphide agg%pure
iron were vacuum ch-meitqg to produce high purity alpha
Fe-P alloys. These alloys were aged at‘tempEﬁatures bétﬁeen
800 C and 500 C and EPMA techniques weré used to determ%ﬁe
the equiiibrium solubility of P. The results agreed with
recently published data by Nishizawa et al. Nishizawa's
explanation of anomalous solid solubility in aipha iréﬁ
binaries below the Curie temperature by considering
- non-linear magnetic components of the/Fynamc Furv::hcﬁs
was confirmed.

In the theofetical part of the work empirical magnetic
components of therm@dyﬁémic functions for alpha iron were
calculated from data in the literature. These thermodynamic
functions were applied to confirm Nishizawa’'s predicted -
behavior of solute solubility in an alpha iron binary. The
formalism was then extended to predict equiiib}ium vacancy
concentration in alpha iron. In addition Guttmann’s aﬁprgach
to grain boundary solute segregation for alpha iron binaries
and ternaries was treated using magnetié components. It is

!thereby predicted that most ﬁaﬁ*magﬁetié solute in iron is

)

iy



expected to segregate to graiﬁ’béundaries in larger amounts
at higher temperatures than predicted by a purely

non-magnetic analysis. Unexpected magnetic traﬁgiiians
A cgnsequenée of this treatment is that because of its

Ferramagnetic%naturei alpha iror is more susceptible to

intergranular segregation and t us intergranular

embr i®t lement than an equivalent non-magnetic alloy.
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1. iNTmnchN ,
alloy are grain boundary solute segregation and second phase
precipitation. Both can affect the structure and certain
properties of the a]]gy; One such property is intergranular

@ohesion, a decrease in which can result in iﬁtergranular
fracture. In many iron alloys this intergranular
embrittiement is associated with certain heat treatments
(causing temper embrittliement) and is generally manifest as
a reduction in im;agt strength and fracture toughness [1].

Segregat lon is defined as the non-uniform distribution
of elements in a material. Frequently used in reference to
castings, where segregation occurs during solidification of
a'melt, intergranular segregation in the present context
refers to the solid state thermal redistribution of species
between the matrix and %ﬁterfacesi It is also néceE%Ery to
distinquish between two types of solid state segregation
phenomena. A non-equilibrium type of segregation may be
connected wifh the dragging of solute species by a flux of
vacancies toward the interface [2] during cooling from a
high temperature or during irradiation [3]. Another
non-equilibrium type of segregation involves the rejection
of solute dur{ng precipitate growth. .

However, the omnipresent form of intergranular
segregatign is a reversible equilibrium segregation [4]. Fér

. a polycrystalline alloy, held isothermally, there will be an

enrichment of surface active species at interfaces. The



extent of this enrichment is determined aply by the system
parameters at equilibrium and not by their history.
Therefore, as the tenperature of thg alloy is changed, there
are compositional and perhaps structural changes at the
grain boundaries. From this point the word segregation will
be used to denote this phenomenon.

The precipftation process in a material requires the
nucleation and growth of a second phase from a
super-saturated solid solution. The second phase may be
nucleated heterogeneously at grain boundaries and
interfaces, dislocations and other structural defects, or
homdgeneously within the matrix. However, at equilibrium for
a given temperature, there is a limit of solubility for each
solute species present in the material. .

The present project stems from the postulate that
precipitation and intergfanular segregation in iron must be
simultaneous cbnsequences of the tendency of the iron to
reject foreign atoms from its matrix. This rejection of
solute atoms, which is reflected in the limit of solid
solubility and in grain boundary segregation, is best
treated by applying conditions of thermodynamic equilibrium
to the system. Of special interest in iron alloys are the so
called ' impurity -elements’ (S,P,As,Sb,Sn etc.) which are
highly surface active and are associated with temper
embrittlement phenomena.

It is well known that the solubility of elementrx'is

very sensitive to the relative positioﬁ of the free energy



curve of the precipitate (containing species X) with respect
to the free energy curve of the matrix. Guttmann [5] has
recently shown that equilibrium grain boundary segregation
is also very sensitive to the relative pasificn of the free
energy curve of the segregated interface with respect to the
free energy curves of the bulk phases. This carréiatian
between solubility and intergranular segregation implies
that the energetic properties of a boundary are related to
the energetic properties of all the matrix phases.

Therefore, material properties and external conditions
afféc;iﬁg precipitation in a given material shquld also
affect grain boundary segregation although the eigst nature
of the effect is not obvious. This is very important in that
data on precipitation in simple syste&Eﬁis relatively easily
available while good segregation data for simple systems is
difficult to obtain and ccésequently scarce.

When specifically considering iron, the one obvious but

often ignored material property is its ferromagnetic nature. ™.

The following 3 paragraphs have been compiled from
references [6-8] as a brief description of ferromagnetism in
iron.

Thég? shell of the Fe atom is responsible for its
ferroma ﬁé ic bghavicur. The 3d shell may have up to 10
glgctrgng. gradually filling from scandium to copper across
the first raﬁzgf transition elements. For each electron
within the shell and along some specified directiqgi there

is a component of orbital angular momentum which must be an



. integral multiple of h/2r. In addition, each electron has an
intrinsic angular momentum, called spin, due ‘to a rotation
about its own axis; this spin can be either +1/2(h/27) or
-1/2(h/27) along the specified direction. The spin of a
charged particle is associated u;th a magndtic moment. A
fundamental principle of atomic structure, Pauli’‘s exclusion
principle, states that no two electrons in a given shell may
have identical components of orbital angular momentum with
~identical components of spin. However, the manner in which
electrons are added to a shell as the atomic number
increases is important. Hund’'s rule states that witpin a
given shell, the maximum number of electrons hg;égépins
pojntfgg in the same direction, ccnsisteng,witﬁ Pauli’s
exclusion principle. There is a coupling of excéﬁnge energy
between electrons with parallel spins; this exchange energy
ts negative for electrons in the same atom and leads to a
minimum energy when the maximum number of spins are
parallel. |

When a‘number of atoms are associated, as in a érystal.s'
this internal interaction is called the exchange field,
molecular field, or Weiss field (after Pierre Weiss). The
exchange field gives an appropkiate representation of the
quantum mechanical exchange interaction. It has been shown
that the energy of 1nteraction ﬁiz of atoms 1, 2 bearing

spins $,' 8, contains a term
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, (1.1)
where j is thl exchange integral and is rélated to the
overlap of the charge distribution of the atoms.

The outer shells of an isolated Fe atom are 3d®4s? and
the 3d shell contains 4 coupled electrons (antiparalle)
electrons cancel each other). In general, gpe parallel spin
arrangement will be energetically favoured over the
“antiparallel one. This condition exists in the electronic
(conduction) band of iron, cobalt and nicke]. The density of
levels within the band is so high that the negligible fain
in Kinetic energy required for an electron to move from é
filled level to an unfilled one is more than offset by the
lowering of electrostatic energy. This is responsible for
thé alignment of electron-spin magnetic moments that
constitute the spontaneous magnetization existing within
domains of ferromagnetic materials. Below a critical
temperature (material dependent) called the Curie
temperature, there is a ferromagnetic coupling between
electrons with garéi]e] spins, but above this temperature,
the coupling is destroyed by thermal energy (paramagnetism) .

The above description is included fer EGmpTEt&ﬁESS but
it is not the intent of the present work to delve further

into the quantum mechanical aspects of ferromagnetism.

»'Rather, an equilibrium, macroscopic thermodynamic approach



Vo ,
will.-be considered. Empirical thermodynamic functions
obtained from solid solubility data in alpha iron will be
used to predict grain boundary segregation behavior of

selected solute species in alpha {ron.



’ " 2. BACKGROUND

The purpose of this chapter is to provide a brief:
-historical background to the present work. The development
of grain boundary segregation theory is éresented with some
reference to the segregation of phosphorus in alpha iron.
Excellent reviews of grain boundary segregation have been
published by Inman and {ipler [9] and by Hondros and Seah
[4]. As the experimental determination of pbcséharus
solubility in alpha iron was part of this project, a brief
review of previous iﬁvestigaticﬁs into P solubility is also

presented.

EL}\Tha Development of Segregation Theory

The driving force for interfacial segregation must be
the lowering of interfacial energy. The theory applies to
all interfaces but the major interest, at present, is in
grain boundaries. Grain bbundaries, which form due to the
geometrical discontinuity between two adjacent lattices, are
distorted and more or less disordered areas where the

orientation and magnitude of atomic bonds are different from

..those in the bulk crystal. It can be considered to be a‘
dis;sﬁtinuizy large in twc—di%ensieﬁa1 extent but;aﬁiy a few
atomic diameters thick. Within this volume, it can be

treated as distorted lattice containing compressed and

expanded lattice sites.



 hundred yéars'aga Gibbs [10] developed a
treatment of surfaces that included such

**lbﬂut

thermodynamit
considerations as adsorption, heat and mechanical surface

effects, and grain boundar fes. This is the framework for all
modern thermodynamic theory. For a surface in a binary :
system wjth.components 1 and 2, Gibbs derived the following:

(dT/du1)TiP = - [rz - X,r,]
Y? ‘

(2.1)
where vy is the surface energy of the interface,
B, is the chemical pétéﬁti&fféf_1.
- X; is the bulk atomic fraction of 1, and
r; is the excess surface concentration éf i.
This familiar Gibbs adsorption isotherm is the starting
point of segregation theory.

The earliest segregation calculations were made in the
develcpﬁeﬁ!t of a theory of %iei&p@int behavior in metals by
Cottrell [11i2 He considered that the binding eﬁergyi E,
between a solute atom and a dislocation could be evaluated
, by cgnsidériﬁﬁ the release of strain energy on segregation
-to the dislocation'., such that in a dilute case,

C = Coexp(E/RT) (2.2)
where G_is the local concentration of the solute and

Co is the average bulk concentration of solute.

'For example, E for nitrogen in alpha iron was estimated at
50 KJ/mole. '



In the mid 1950's McLean [12] considered equilibrium
segregation in terms of the lattice distortion energy around
solute atoms in the crystal bulk. A solute atom larger than
the site it occupies in the salven? lattice should fit
easily in an expanded boundary site causing iess lattice
distortion. Likewise, a smaller solute atom should fit more
easily into a compressed site. Generally, large energies are
required to alter the volume éccupieﬂ by atoms in a metal.
For example, an elastic -10% expansion in the alpha iron
lattice requires approximately 62.7 KJ/mole. The solution of
atoms different in size ﬂ the solvent requires strain
energy whieH’;aﬁ be relieved by segregation of the solute to
distorted sites. In this-hay. a large amount of the
distortion energy of the entire system can be released by
segregation. |

McLean produced the useful expression

. X® = x%.exp(E/RT) )
1-x® 1-x° ,
_ ) _ (2.3)
where x? = the boundary sglute content

"W

X* = the bulk solute content
E = the binding energy of the solute. This model shows
that segregation rises as thé bulk solute content rises or
as the t§mperature;faflsa Segregation will occur in nearly
all solid solutions. However, it would be ﬁeticeabié only
when the temperature,time and diffusion coefficient are such

that a large grain boundary concentration can build up. To
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grain boundary segregation it is necessary to quench from a
temperature high enough to disperse solute to one low enough
to prevent significant diffusion.
McLean's mode | ﬁas the same bekgvior as described by
the simple Langmuir theory of gas adsorption on a solid
surPace. That is, there is a single layer, a single
adsorbate and no Sité‘t@‘&it2§iﬁtéfaétiéﬁg There are very —-_
few grain boundary results for iron binaries ‘that are %x\\x
sufficiently complete to be properly interpreted in terms of
McLean-Langmuir type theories [13,14], *
Hondros and Seah [13] have invoked other solid state
analogues of theories developed for gas adSBFptiéﬁ on sal%d
surfaces, adopting the concepts and analytical treatments
commonly used in classical free surface adsorption. One of

these is the BET theopy of multilayer gas adsorption [15],

given by
X3 x® BELES i
(2.4)
where K = exp(E/RT)
E = the difFerenge between the energy
of adsorption of the first layer and
the free energy of condensation of
successive layers N
X% = boundary solute content ) I
X? = boundary solute content of a layer

>
Q
n

bulk solute content
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X] = maximum bulk solute content

" In this model it was assumed that atoms adsorbing in the
first monatomic layer have a different, free energy of
adsorbtion than those in successive layers. The adsorbate .
atoms have no lateral interaction in the layer and each
layer does not have to be complete before the next is .
started. A truncated BET model? fs very similar to the 
MclLean model.

The above theories neglect site-to-site interactions
and chemical interactions. Site-ta-site interactions are
mutual interactions between the same solute in neighboring
boundary sites and chemical interactions are element-element
interactions found‘in systems witﬁ mu t ticomponent |
segregation. In the Fowler model [16] there is a single
layer, a single segregating solute species, and site-to-site
interaction. For the gas adsorption models, the assumption
that a filled site does not affect the probability of one of
z neighbouring sites being filled can be removed by allowing
an interaction energy r between pairs of nearesf neighbours.

The solid state analogue is

x? = Xaexp({E-rz[X°/X?]}/RT)
1-x¢ .
‘ . (2.5)
If r is positive the atoms are mutually repulsive and if

negative vice versa. With r negative the témperature

-- .- e - ---- - - -

2The boundary conditions are the same as in the Mclean
mode 1. '
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that given by Mclean

dependence of segregation deviates frg
by showing a sharper rise in segre 7 1 as temperature

—_— [

falls.
In the recent work, Guttmann [17] has developed a
thermodynamic treatment of multi-component segregation. His
model is used in the present work and it will therefore be
discussed fully in chapter 4.
The particular system of major interest here is alpha

Fe-P. There has been a great deal of experimental wcrk

Egﬁcernin P segregation in steels? as P is a potent
intergranular embrittling element, but little on pure alpha
Fe-P binaries. The reason is that it is difficult to temper
embrittle pure iron binarieé sufficiently so that
intergranular fracture may occur and the surface may be
studied. In the late 1950's lnman and Tipler [18} carried
out a study of P segregation in Fe by using radioactive P.
The occurrence of segregation was conclusively shown but the
resolution was poor since a sectioning te:hﬁiéue was used.
More recent investigations [14,19) have used Auger Electron
Spectrometer (AES) techniques. However, the results are
scattered with widely varying saturation levels and do not

seem to fit a simple H:Leaﬁ—type'mﬁde];

b
==

= o o om o = E oE R o= E o= = o= o oa

3Ffor example, see the work of McMahon at the University of
_ Pennsylvania.
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2.2 The Solubility of Phosphorus in alpha Iron

Alpha iron forms a substitutional solid solution with
phosphorus to a maximum solubility of 2.55 wt¥ at ~1050 C.
Phase diagrams and a compilation of early works are éiven by
Hansen [20] and Vol [21]; these demonstrate an interest in
the Fe-P system since before the turn of the century.

The solid solubility of P in alpha Fe decreases with
decreasing temperature. Before the advent of quantitative
Electron Probe Microanalysis (EPMA), the most accurate
solubility determinations were by metallographic analyses*
(22,23). Temperatures from 1000 C to 600 C were investigated
but the most reiﬁable.vaiues lie above the Curie temperature
of iron (1043 K).

In the 1960's Hornbogen [24-26] investigated the
factoré that govern precipitation from alpha fe
substitutional solid salutignsg Phosphorus was chosen
because of its small atomic size as compared to ircn and the
lack of chem1cal and crystallographic S1m1larity between the
two elements. He reported that high P alloys tended to show
egtensive intergranular brittieness. The phosphorus
precipitated from alpha Fe as FeBP when equilibrium waé
reached. This phosphide which has a tetragonal body-centered
unit cell containing 32 atoms, forms precipi{ates parallel
to a high index plane of glpha Fe (1,4,12). Hornbogen also
found that phcsphides nucleate from alpha iron in the

L I L L L

‘Res1st1vity measurements and lattice parameter
?et?rminatIOns by X-ray techniques were not very successful
23

-
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sequence: at high angle boundaries, at low angle boundaries
and dislocations, and in the matrix.

More recent determinations of P solubility [27-29] have
involved the use of EPMA and are shown in figure 2.1.
Hofmann et al. (27] were among the first to notice an
anomalous decrease in the solubility of P and in its
diffusion coefficient in }ron below the Curie temperature.
More recently, Doan et al. [28] in investigating the Fe-Ni-P
system noticed a much more pronounced anomalous decrease in
P solubility. while the present project was in progress,
Nishizawa et al. [29] published an even more striking
‘ decre;se in P solubjlity below the Curie temperature, and
related it to the ferromagnetism of alpha iron (see
Chapte( 4). It is very interesting that, as EPMA techniques
have improved and more time allowed for alloys at
temperature to reach equilibrium, the experimentally

measured solubility of P in alpha iron has been continously

decreasing.
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3. EXPERIMENTAL PROCEDURES
Although this thesis js primarily theoretical some initial
experimental work was performed.: This experimental work was
quite difficult and so the procedures used are described in

extensive detail in this section.

3.1 The Production of 'Pure’ alpha Fe-P Alloys

The production of 'pure’ alloys containing only iron

equilibrium ?imit of solid solubility of phosphorus in alpha
iron. The presence of additional ele;EﬁtE could affect the
behavior of the alloys. For example, at higher tempe}ature.
small quantities of a similar atom such as Ni are tolerable
for experimental purposes whereas small quantities of Mo are
not. This is 11lustrated by some of the results obtained
(see e.g. section 4.11). The first step in the production of
the ‘pure’ alpha Fe-P a1ky’s must be the procurement a; the

proper raw materials.

3.1.1 Sources of Iron and Phosphorus

An initial decision that was faced was whether to use..
phosphorus in the elemental form ér as a compound. Iﬁ the
‘elemental form, phosphorus exists in a number of allotropes
including white (yellow), red, and black (violet). White
phosphorus burns spontaneously in éir producing a pentoxide

which is very poisonous (50 mg fatal dose). However, when

16
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heated in its own vapour to 250 C, white phosphorus is
conver ted tb the red variety. This form is fairly stable,
does not ignite in air but sublimes with a vapour pressure
of 1 atm at 417 C. For the present project, red phosphorus

| (99.9+ wtX) was obtained from Fisher Scientific Co. This
material was kept sealed under argon gas as much as possible
to minimize oxygen contamination. .
' The only phosphorus-containing compounds suitable for
production of alloys for this projectkare iron phosphides.
Ferﬁophosphorus is used as an alloying addition by the steel
industry. This material has a high phosphorus content
(~25 wt¥X); however, it also contains varying and
unacpeptaﬁle amounts of carbon, silicon, manganese and
chromium. Commerciall}. there are very few sources of
pﬁo phides available. ICN Pharmaceuticals, Inc. sells a
ferEYc phosphide, FeP, but only.guarantees purity to'greater

’ than 95 wt¥. A quantity of this commercial FeP was obtained; "
however; upon obtaining a qualitative X-ray spectrum of this
material Qsing an Energy Dispersive Spectrometer (EDS),
peaks denoting significant quantities of Cr and Mn were
clearly visible. Therefore, this ‘pure’ commercial iron
phosphide was not used. Instead 'pure’ iron phosphide was
produced froé ‘pure’ iron and ‘pure’ phosphorus .

Several commercial sources of 'pure’ irqn are
available. Three materials were considered as the possible
iron base for the alpha Fe-P alloys:

1. High Purity Armco iron in the form of 0.017 in. thick.

—etmc—

»~
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sheet was tried, but rejected due to the impurities
present. For example, Plate 3.1 shows an X-ray speétrum
from one of many inclusions.

Analysed reagent grade iron wire was obtained from

J. T. Baker Chemical Co. This material was somewhat
better than Armco iron and was used for preliminary
tests and initial production of iron phssphides.
Specpure iron 0.25 in. diameter rod (spectrographically
standardized) was obtained from Johnson Matthey
Chemicals Limited. This material is extremely pure and
expensive and therefore was used only for the final

samples.

Table 3.1 contains the compositions of the above iron

materials.

3.1.2 Production of an Iron Phosphide

There are several possible techniques for producing

iron phosphide of a desired composition from ironsand

phosphorus, including the following:

1.

A special vacuum furnace may be constructed such that
above a particular tempe;ature pure iron is sun§9un8ed
by and thus reacts with phosphorus vapour.»fhe {:her
11ning of the furnace m&st re;ist attack from the
phosphorus vapour. There is nbrmally a large loss of P
w{th this method. |

An ordinary vacuum furnace may be uisd if the amount ot

P is small compared to the iron. This allows the P to be

‘
\
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Table 3.1 Compositions of 'pure’ irons used (in wt¥)
Element 1. Arméo 2. Wire 3. Specpure
Ag s '
Ca ' ' 1 ppm
Mg . 1 ppm
o .007 : - B -
Mn .010 _ o 1 ppm
.020 0.010 -
.002 0.004 -
. 130 <1 ppm
.042 - |
.003 o <1 ppm
.005 . -
.006 l o -
.001 ~0.005 <1 ppm
.009 | | -
.001 : ' -
sn .010 | -
AN | 0.003 -

O
-
(=] (=] L= ] [ = T - | L= T = T - Lo L= T o T ] o

Fe _ balance 99.9+ balance

A blank signifies the element was analysed for;
whereas “-" indicates a concentration below the
Timit of detectability.
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I

Plate 3.1 An X-ray spectrum from an inclusion in Armco iron

Sty
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In the present work a master alloy (nominally 20 wti P)
was produced by reacting iron with reqd phosphorus in a
weight ratio of 4 to 1. This was carri¥d out~in the special
apparatus shown in Figure 3.1. A pyrexk ]asg tube, see
Plate 3.2, was fitted with a fretted quartz glass disc.
Iron, in the form Qf powder, turnings, or sectioned sheet
and rod was placed inside the tube above the disc. When the

tube was in a vertical position, the disc kept solid

material at a specific position (reaction chamber) but

allowed passage of gases. The tube was placed within a

vertical furnace, see Plate 3.3. The.bottom of the tube

- (below the furnace) was connected By a 2-way valve to a

cylinder of ultra-high purity hydrogen gas and a
rotary-diffusion vacuum pump combination.

The tcé of the tube (above the furnace).was also
connected by a 2-way valve to a bubbler and té an upper
container of red ﬁhasghqrus wh%ch was directly tonnected to
an argon cylinder. The pyrex tubes had a reduced internal
diémeter on either side of the réactiaﬁ chamber to allow for
easy sealing of the tube with‘a torch.

The use of the apparatus is summarized as follows:

1.. Iron was first pickled fn HC1 to remove surface
contamination and placed in the reaction chamber .
Phosphorus was positioned in the upper chamber under

argon. The tube was then inserted in the furnace.



[
M

Bubbler «————=——(X) 2-wigy Valve

J[=——Fire Sealed Here

12 +—1"0.d. Pyrex Tube
This Section is

Within A Vertical
Electric Furnace

Fe ~Fretted Glass Disk :
2!!

rﬁL

+——Fire Sealed Here

f

——1X) 2-way Vaive

U.H.P. H, Gas—s=

in

Vacuum Pump :

'Figure 3.1 A schematic of the, gppér:tus developed for
iron phosphide Bf@dl%f:ﬂ@ﬂ.
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Plate 3.2 Pyrex reaction tube for producing iron phosphides



Plate 3.3 Expgrmgﬁtal apparatus for prcjﬂUC’lﬁg
phosphides :

jron

24
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Hydrogen gas was passed through the tube to the bubbler
at approximately 1 bubble per second. The furnace was
then raised to 585 C and held for up to 24 hours. This
procedure was to reduce iron oxides, eliminating oxygen
and other impurities [30].

3. When the tube had cooled to room temperature, the .
hydrogen gas was shut off, the top valve closed and the
tube evacuated by the pump. By opening the top valve to
the phosphorus, the powder was 'sucked’ into the
reactignlchamber-

4. The evacuated reaction chamber (tube) was then sealed by
torch at the reduced secfigﬁ_

5. The tube was removed from the vertical furnace, checked .
for vacuum integrity using a Tesla coil, and shaken to |
mix the iron and pﬁcsph@rus GQﬁtéhts;

6. The tube was then placed completely within a horizontal
furnace, slowly raised to 585 C and held for 8 hours.S
During this treatment the iron and phosphorus reacted to
giving mainly FeP with some remaining Fe.

7. When cool, the tube was carefully broken under an inert
atmosphere and the iron and phosphide removed. Each tube
was thus used only once. 7

Although the phosphorus has-; very high vapour pressure-

‘and the pyrex tube is at the point of softening at the

temperatures mentioned, the g]as§ tube did not bulgevar

SAlthough Fe-P alloys have been sintered in the past [31],
the present conditions were determined by trial.
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explode because the iron and phosphorus combined very
rapidly, preventing the occurrence of high phosphorus vapor
pressure.

Some of the produced phosphide was ground to a powder
and analysed by X-ray diffraction methods. This showed that
most of the phosphorus was present as FeP with minor amounts
of FezP. It also became apparent that unless the phosphide
powder was Kept under an inert atmosphere, it oxidized. An
oxide was particularly noticeable when the phosphide powder
was vacuum arc-meltéd into 'buttons’. However, if melted
into buttons inmediately, only stable phophides were present

and oxidation was not a problem.

3.1.3 Production of Final,alpha Fe-P Alloys
A1l final phosphides (master alloys) and alpha Fe-P
“® alloys were vacuum arc-melted into 'buttons’ using a
Materials Research Cobporation V-4 Series vacuum arc
furnace, Plate 3.4. A partial vacuum of argon was used. The
gas passed through a'dessigator, ver hot Cu turnings
(600 C), and throuph a cold trap before reaching the alloys.
Melting was carried out on a water-cooled copper hearth
using-a tungsten rod electrode. All gases from the vacuum
chamber weré vented to a fume hood to prevent accidental
exposure to phosphorus pentoxides. Figure 3.2 shows a
schematic‘of experimental proceaures used in a}ﬁha Fe-P
alloy production. As the figure shéws. the Specpure -iron

rods were machined into cylinders 2.50 cm. long, a hole



27

Specpure iron,

Y4" Rod Machined Into

Red Phosphorus
Power (

T o " Phosphide
ug wit L
e Production
1+ ¢ 5 Dregraa
l Taper
Iron Turnings in
%" Reaction Chamber
—
T,, ' 1— 24 hrs in H
I at 585° %

Rod
11 L4
P4 Sealed in Fe <— e v Red Phosphorus
Method 1 Method2  Method 3 Evacuated
f )
(preferred) Fe Y P,
Fe + P
Vacuum Sealed Mixed and
in Quartz Vacuum Sealed
1 e - _
Sintered in 8 hrs S'"'i’fggﬁg hrs
Y at >585°C ) l )
Fe + FeP Fe + FeP
af =
Vacuumn arc-melted Stored Under-Ar
FesP + Fe,P ‘Button’ |
| | -
Fe + Phosphide ——- -

Final aFe—P Alloy

Vacuum arc -melted

‘Buttons’

Figure 3.2 A schematic of procedures developed for the
production of aFe—P alloys.

L}



Plate 3.4 The vacuum arc furnace used to produce finat
alloys
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0.318 cm. i.d. was drilled into each cylinder to contain
either ﬁhgspharué or phosphide, and 2.50 cm. long plugs with
a 5 degree locking taper were used to seal the caﬁpartment.
The eyiindérs and plugs are shown in Plate 3.5. These
configurations allowed three successful methods of final
alloy production: '

1. Red phosphorus was enclosed within the iron cylinders
and directly vacuum arc-melted. fhis method produced
clean alloys but the phosphorus had to be packed and ‘
sealed under an inert atmosphere. A limited amount of '
powder could be packed and at least 1/3 of the
phosphorus was lost on melting (larger cylinders were
difficult. to handle and melt). This resulted in alloys

2. This method was identical to the above except that the
sealed iron cylinders were also encapsulated iﬁ‘quartz
and annealed at greater than 600 C for 24 hours before
melting. This resulted in a Iawér phosphorus loss.

3. The method preferred and the one actually used required
that the turnings from the machining of the Specpure
iron rods were produced into phosphide buftgns as
described in section 3.1.2. Alloys of any phosphorus
concentration could then be made simply by arc-melting a

“portion of the phosphide button with the Specpure iron
- rod and atmGSphere‘wés not a problem. | ’
All alpha Fe-vapecimens produced were ﬁcmina]ly 1.5 wt¥% P.

The specimens were marked by a letter and a temperature,

]



Plate 3.5 Specpure iron cylinders and plugs with locking
taper

’
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e.g. T800 C. T was the designation used for the final,
completely successful series using Specpure iron.

3.2 Heat Treatment of alpha Fe-P Alloys
As previously stated, the solubility limit of P in Fe

above the Curie temperature (770 C) has been well )

documented. Therefore, an investigation range of 800 C to

500 C was chosen. All Fgrna:e temperatures. ment ioned were

maintained within five degrees of the temperature stated.

The heat treatments for the T series were:

1. A number of samples were sealed together in an evacuated
quartz ampoule, solution heat treated at 1050 C for
24 hours, and cold water quenched, breaking the quartz
ampoule under water. '

2. The samples wereéthen individually sealed in evacuated
qQuartz amﬁcuiesiageﬂ as indicated in Table 3.2, and
quenched in cold water. ‘ : \

The length of ageing was determined by assuming thaf the

square of distance the solute travels is approximately equal

to the diffusion coefficient for the solute times the time

.avaiiabfei In all cases a phcéﬁhcrus atom was allowed on

average to move at least one micron, based on a low

temperature extrapa]aticﬂ of a high temperature diffusion
coefficient [32]. The paramagnetic diffusion coefficient may
be used for higher temperatures, but extremely long times

are necessary at low temperatures due to a diminished
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Table 3.2 Ageing temperature and times for final samples
Sample f Ageing Time Diffusion Distance
~ (hrs)- (microns)

T800C 240 43.0

T750C , 504 33.4

- T700C o 960 . 23.1

1650C : 1896 - 5.1

T600C 3840 i 9.1

T550C o 4272 3.7

T500C N 4920 1.3



33

the Curie temperature (see section 4.11),

3.3 Metallographic Specimen Preparation, Examination, and
‘Chemical Analysis

A1l samples (buttons) were sectioned using a Buehler
Low Speed Saw with a.diamond blade. Examples of buttons are
shown in Plate 3.6. The sectioned samples were then mounted
in a1 in. mold using a copper-filled thermo-setting epoxy;
this allowed the mount to conduct electrons, a useful
property when viewing with a Scanning Electron Microscope
(SEM) .

After mounting, all samples were polished in the
following sequence using a Buehler Minimet Autcmatig
Polisher: |
1. 420 grit silicon carbide paper and water,

2. 600 grit silicon carbide paper and water, |

3. 6 micron diamond paste and oil on Buehler AB Texmet
paper, ; -

4. 3 micron diamond paste and oil on Buehler AB Texmet
paper,

5. 1 micron diamond paste and oil on Buehler AB Texmet
paper. |

A final polfsh.with Linde B alumina was attempted but the

specimens were found to pit excessively. All specimens were

given a final 10 second etch with a 2% Nital solution.



Plate 3.6 An example of final alloy (buttons! produced

34
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Micrographs were taken of the sample microstructures at
various magnifications usiﬁg a Zeiss Ultraphot 111
Metallograph. The samples were also viewed witi’f much greater
resolution using an ISI 60 Scanning Electron Microscope
(SEM). This SEM is fitted with a National Semiconductor
Energy Dispersive Spectnpmeter (EDS) and a Tracor Northern
TN-1710 multichannel analyser. These instruments produce an
X-ray spectrum of the elements present under the electron
beam, permitting a qualitative chemical analysis.

Following are a few examples of the spec imen
micéostructures and X-ray spectra. Plate 3. 7bsh§u5 the
microstructurenpf the produced iron phosphide after vacuum
arc-meliting into a button. The nominal 20 wt% P present
would place this alloy in the Fe3P-Fey P range. Grains with
;higher P content are characterized by their rectangular
morphology. Plate 3.8 shows a typical X-ray spectrum from
this phosphide. As is evident, no impurities are detectable.
Plate 3.9 shows a repcesentativg/micrcstructure of T700C.
The phosphide precipitates appear as plates and needles
along specific crystallographic planes and éirg;ticﬁs'lzélgg
Also present are grain boundary allgtrigmérphs as described
by Aaronson and co-workers [33,34]. Plate 3.10 shows a
representative X-ray spectrum from the bulk solid solution
of T700C. The large peak is an iron gt%1pha peak. Other than
iron and phosphorus there are no detectibie elements.

Plate 3.11 shows a representative microstructure of

T600C. This plate is similar to Plate 3.9, with all relevant
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Plate 3.7 Microstructure of produced iran.phgsphidii:XSZQ
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Plate 3.8 A t
- phosphide

ypical X-ray

spectrum for ;he‘pr@duceg iron
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Plate 3.10 A typical X-ray spectrum from the bulk solid
sblution of T700C



Plate 3.11 Precipitation in T600C, X480
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features the same. However, the precipitates are sm§lier and

less widely spaced. This is as expected since the diffusion

available for diffusion increased. Plate 3.12 shows the
microstructure of sample T500C. Here the precipitates have
had insufficient time to grow therefore they are very small
and finely spaced. This may be explained by caﬁsidefiﬁg th
very recent work of Luckman et al. [35] which shows that P
diffusivity decreases more rapidly than predicted from high
temperature extrapolation.

A quantitative‘ahémical analysis of the specimens was
carried out on an ARL electron microprobe in the Department
of Geology, by courtesy of Dr. D. G. W. Smith. Established
experimental techniques, technical ;;sistan:e and data
analyses were provided. An EDS system was first used to
determine the purity of the samples. Then, because only the
two elements needed analysis, a Wavelength Bispersive
Spectrometer (NDS) was used for all quantitative analyses.
The resulting raﬁidata (X-ray counts for K -alpha peak and
background for each element) were analysed by an iterative
Atomic Number-Atomic Absorption-Fluorescence correction
program called EDATA2, Sensitivity of the system was better
than 0.02 at¥% of P.

The experimental results are given in section 4.4.2
where the§ are used. By comparing 100 random areas, the
produced master alloy phosphides were analysed as 64% Fe,P

4

and 36% Fe3jP to give an average 18.6 wtX P (a loss of



Plate 3.12 Precipitation in T500C, X480
. _ v
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1.4 wtX P from the nominal 20 wt¥% P in prcdu@tiani. This
value was used to produce the nominal 1.5 wtX P final gliays
(~1.30 wt% P actually present). All final alloys were ;aeuum
arc-melted twice to assure homogeneous distribution of P.
This, plus the fact that any accidental overheating of the
melt increases its vapour pressure, accounts for the loss of

-

phosphorus.

3.4 Theoretical Tedhniques
The major part of this thesis, presented in chapter 4,
is a theoretical analysis of intergranular segregation in

iron. The equipment and techniques used are described here.

3.4.1 Equipment -

A1l calculations were executed on a Hewlett Packard
(HP) 9825A Computer using the HP-Basic programing language.
Most* graphs were praﬂuced-an an HP 9872A Graphic Plotter.
The programs used were monitored using a HP 9871A Line

Printer.

3.4.2 Numerical Analysis
.
. A1) analytical equations were solved directly..

Generally, these functions (chemical potentials, limit of

solubilities and Case I segregation equations of chapter 4) . .

were plotted on graphs immediately as they were calculated.

However, there was also the need to simultaneously solve the
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roots of two or more equations (e.g. Case 1] magetic
segregation free energies, segregation curves and boundary
Curie temperatures of chapter 4). The finding of roots of
equations of the form f(x) = 0 is one of the most frequently
accurring problems in scientific work. In general, it is
only possible to obtain appigximate solutions, relying on
some computation technique to produce the approximation.

A linear iteration method was employed for finding the °

roots of simultaneous equations. For a single equation,

f(x) = 0 may be expressed as x = g(x) and, geometrically, a
root of f(x) = 0 is a number x = z for which the line y = X

intersects the curve y = g(x). The equation x gix) is
solved by a converging recursion of x. It must be noted that
the condition |g’' (x)]| < 1 should be observed for
convergence. '

For simultaneous equations, consider the following
example with 2 equations: N | ..
0 and x = F(x,y)

0 and y = G(xiy)!

fix,y)

glix,y)=
Sufficient but not necessary conditions [36] for the
convergence of the linear iteration method are:
1. F and G and their first derivatives_are continuous in a
neighbourhood R of the desired root.
2. The sum of the absolute values of the partial
| derivatives of F and G must be less than one for all
points (x,y) in R.
3. The initial gﬁpféximétigﬁ of (x.y)’is chosen in R.
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Whenever possible an accelerated technique was used in place
of the linear iteration method. This technique is called the
Wegstein method for algebraic convergence [37) and is based
on a projection technique. That is, a projection from two

Known points on the x
y = x line. This x value is then used for fix). The

f(x) line determines a point on the

projection requires the solution of

o I CF IR A Y ,
o e
: Xy 2 " Y2 - N

and x, and X now become the new Known points. This
procedure is repeated until a rapid convergence is ébtéined.
The numerical problems encountered in section 4 required the
solving of at least two simultaneous equations such as:

fix,y,T)

X

y = gix,y,T)

This was accomplished by up to four independent iteration

techniques which will. - be called A, B, C, and D:

A. For each constant T required, a linear iteration

| technique for finding x and y was used. If A failed (é
certain number of recursions was exceeded), control was
passed to B. This usually happened when the slope of the
curve became very steep.

B. Oﬁefof the curves was ' inverted’ and the fol lowing
equation solved: '

—
n

hix,y,T)

= Q(X-Y-T)

L1}
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For each constant x, a linear iteration technique for
finding y and T was used. If B failed, control was
passed to A. However, if A and B both failed, control .
was passed to C. A and B both failing occurred often and
usually indicated an oscillation in the iteration.

C. This iteration was useful only when a special condition
applied, e.g. when x + y = 1, For a constant x, y was
set and T could be found using a Wegstein acceleration.
If C could not be used, control was passed to D.

D. This technique consisted of a Heﬁéteiﬁ accelerator inner
iteration and a graphical bisection outer iteration.
That is, for each step of x, an fteration similar to B
found T and y. The value of x was s tepped uﬁtilra change
in sign for the curves was noticed. Each step of x was
then halved as the value of x oscillated around the root
until a certain desired accuracy was reached. This
‘technique was very slow but always produced a root. If a
.specia{\conditiaﬁ occurred, then control would be passed
to C.

The segregation and free energy curves of section 4 were

produced by Program 1, Appendix 2. A flow chért of the

program is also presented in Appendix 2. When an iterative
method was used, up to 240 points were calculated per

function to produce smooth curves. This data was stored on .

magnetic tape during calculation and later retrieved for

plotting.



4. RESULTS AND DISCUSSION

This chapter contains a theoretical thermodynamic
development, some sections of which have been previously
published by the author [38]. The effects of ferromagnetism
on segesteﬁ properties of iron-based solid solutions are
approached from a macroscopi¢ equilibrium thermodynamic
viewpoint. These properties| include the solid solubility
limit of a solute, the intergranular segregation of a
solute, and diffusion within the solution. Although the
mode ) described is applicable to any solute in iron,
pheséhgrus in iron is used as an example and the
experimental results for the behavior of phosphorus in alpha
iron are presented where convenient tqﬁsuppart the
‘thermodynamic development. Starting fram\?as1c definitions,
the model will be built up to deal with bil
solid solutions. Although all symbols useﬂ -are gefined at

ary and ternary

a complete

the time of their first appearance in the text,
compilation of symbols aﬁd their definitions is g1ven in
Appendix 1. Although use was made of the work of athers.
particularly Nishizawa and Guttmann, the treatment is

original unless otherwise stated.

4.1 The Free Energy Function for alpha Iron
, .
The metal under consideration is body centered cubic -
alpha iron. In the pure state alpha iron is stable from

0 to 1185 K. When dealing with conditions of equilibrium, it

47
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is convenient to describe the system in terms of state
variables or functions. As the state of the system is
changed, the change of any state function depends only on
the value of the function in the initial and final states,
i.e. the change in the functions is independent of the path
along which the change has occurred. State variables are not
necessarily independent of one another. However, once the
state of a system is specified by the values of a few state.
functions, the values of all are flixed.

Consider the Gibbs free ener#y function for a pure
substance. The Gibbs free energy, G, is a state function
defined by '

G =H - TS
(4.1)
Enfropy. S, is a state function and enthalpy, H, is defined
by
H= U+ PV
(4.2)
- where internal energy, U, pressure, P, and volume, V are
state functions, For a pure substance, G depends on the
chemical nature of the substance, the amount of the
substénce in the sample, the state (solid, liquid, gas) in
which it exists, the temperature and applied pressure. The
free energy of all substances decreases with increase in
temperature. At 0 K the free energy is equal to ‘the total
internal energy of a solid, which is equivalent‘to its

enthalpy. An increase in temperature increases the enthalpy.
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The rate of increase of the enthalpy'with temperature is the
heat capacity of the substance. Similarily, as free energy
decreases with increasing temperature the rate of decrease
is the entropy of the substance. In general, the Gibbs ?reg
energy may be given by
G = % + RT¢na (4.3)
where %G is the free energy of the substance when present in
its standard state and ‘a’ is its activity.
Consider the total Gibbs free energy function, Gfe, for
alpha iron. By definition,
o
(4.4)
However, as pointed out by Zener [39] and Weiss and Tauer
(40], the total free energy function should be aﬁalyséd by
its component parts, i.e.

Fe _ .Fe Fe Fe
G Gmagnetic ¥ Glattice +_Ge1e:tronic (4.5)

This type of. approach was first ‘taken by Zener [39] who
explained the abnorm;I form of the génnm-laap in the Fe-Cr
system as being due to the magnetic transitiaﬁﬁ?ﬁ alpha
iron. Later, Waiss and Tauer f40.41] numerically evaluated
the magnetic (subscript mag) and non-magnetic (subscript nm)
componénts of enthalpy and entropy (and hence of free
energy) for alpha iron. Both the enthalpy and the entropy
may be estimated from the heat capacity (or specific heat).
Although below the Curie temperature the electronic heat



capacity for each direction of electron spin is different
and should be considered separately, the overall lattice and
electronic heat capacities are similar. Therefore, the total

Gibbs free energy may be given by

afe - gfe L ,fe
nn mad (4.6)

, Fe . o, . \
and because G is an extensive function,

6Fe = yfe  ygFe
maa mag mag (4.7)
: The term magnetic enthalpy, as an example, refers to the

magnetic component of enthalpy. There is an excellent review

by Miodownik [42] which deals with non-linear magnetic
components of free energy and phase stability in magnetic
alloys. v
The magnetic enthalpy and entropy functions used in the
- present work are based on the data of Weiss and Tauer [40]
as shown in Table 4.1, . |

From this data, empirical functions of magnetic enthalpy and
entropy were deve loped ;y the author as described in the
following paragraphs.

Phase trQﬁsitigﬁs are ‘generally classified by order
according to the ﬁ}esence of a dis:gntinuity }n that order
of derivative of the free energy with respect to a given
state variabde such as temperature. First order transfitions
(a discaﬁtiﬁuity is present iﬁ.the first derivative) have
discontinuities in entropy, volume and enthalpy at the

transition temperature. Examples of first-order transitions

" 3m
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Table 4.1 The magnetic thermodynamic functions of alpha iron

[40]

"~ Temperature Enthalpy Entropy Free Energy
(K) (J/mole) (J/mole/K) (J/mole)

0 -8732 0.00 T _g73z

400  -8636, 021 ¢ -8732

500 -8535 0.38 -8720

600 -8368 0.67 -8725

700 ‘ -8037 1.17 - -8770

800 ~7518 1.88 -8856

300 -6538 3.01 -9022

1000 i -4831 . 4.86 -9247

1100 -2671 6.99  -gs01

1200 -1842 7.70 -10360
1300 -1398 8.12 -11082  °

1400 -1122 8.33 . -11954

1500 -925 8.46 - 12784

1600 S -787 8.54 -13615

1700 -716 8.58 - 14451

1800 -674 8.62 . - -16190



52

are fusion, vaporization and allotropic transformations.
Second-order transitions have discontinuities in the heat
capacity, the compressibility and the thermal expansion
coefficient. Some examples of second-order transformations
are order-disorder transformations in alloys and the onset
of ferromagnetism.

. FQF mateéia]s with a paramagnetic to ferfémagnetic
transformation (e.g. alpha iron) the magnetic heat capacity
has a very large peak (spike) at the Curie temperature TEE
as shown in Figure 4.1. Some previous work has simu1atedrthe
magnetic heat capacity Cpigg [43) using fitting formulae
such as 7 ’

CPran = ARLa(DIAL™Y/10-L"]), L <

BRCA{[I+L ™Y/ [1-L"™)), L >

=

(4.8)
o

where L = tfie asnd n = 3, m = 5. However, in the present
work these formulae were fitted to magnetic heat capacity,

enthalpy and entropy data through the following:

wFe _ (-.Fe
Hmag Scpmang

Fe _ (.. Fe
Smag ) jcpmanT/T (4.9)

Since the heat capacity of iron is infinite at the Curie
temperature an analytic determination of the integrals in
equations (4.8) is not possible. Instead, a power series
expansion for the natural logarithmic terms iﬁ equations

(4.8) was used, where
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: . ) 3
en([1+x1/01-x1) = 20x+x3+x5+. ... .]
3
(4.10)

%is allowed a simple integration of equations (4.9) and a

““fitting of equations (4.9) to the data in Table 4.1 with the
following results: for L < 1, A = 1.08444 and n = 3.613 and
for L > 1, B = 0.67423 and m = 4.766. This calculated

The discontinuity at the Curie Temperature was avoided by
arbitrarily 'setting a maximum for the heat capacity.

Figure 4.2 shows the magnetic entropy curve whife Figure 4.3
shows the magnetic enthalpy and resultant Gibbs free energy
curves for alpha iron (data from Table 4.1). An assumed
temperature corresponds to straight line approximations
immediately about the Curie temperature.

The magﬁetic free energy of alpha iron, i (T), as
shown in Figure 4.3, may be divided by the Cur1e temperature
into two regions, an uncoupled (paramagnetic) state, “cﬁgg '
and a coupled (ferromagnetic) state, E{gg , such that, in

approximation:

,Fe = _A . Fe
®nag = AT T>Te
= -ATF®, 7o qfe :
c | C AT
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‘The constant A® may be evaluated by considering equation
(4.7), and, differentiating with respect to T when L > 1
gives

a6re - aHFE - TasFe - sfe .

mag _ °'mag mag mag
aT e 3T 3l

(4.12)
Evaluating the components at L > 1 shows

Fe

H -
mag

+ 0 J/mole

-Fe u-Fe A v rw
S - = L. = \ :
>mag Smag 9 J/mole/X (4.13)

which implies that “
(T>: TFE) + A, a constant

mag

u.fFe _ _u.Fe
Gmag -7 Smag

c;Fe . _Fe ugFe , :
mag ¢ mag (4.14)

An alpha Fe-X solid solution will now be considered.

‘4.2 The alpha Fe§x Solid Solution

| By analogy, the free energy gfgan alpha Fe-X solid
solution’, G, is assumed.to have ﬁagnetie (subscript mag)
and non-magnetic (subscript nm) components [39.40344]. such
that

‘This is ﬂDt the same constant as in equation (4.9).
’The solution has mole fractions X and X of the components
i and j.



6% = g% 4+ g%
nm mag (4.15)

Consider the formation of a binary solution from the pure

components in their standard state. The reaction is

X1 + X.3 = (X,,X;)ij + AG o

%5 IRAMRLTRLFPAR m (4.16)

With this reaction i;égssaciated a free energy change called
the free energy of mixing, aG,, such that

6 = 6% - x,%"' - x, ,

88 m i j i (4.17)

For a solid solution

(4.18) .
where pi is‘the chemical potential of component i.
Therefore, the free energy of mixing is :
a6 = x,[u' - %')+ Xt - °%3]  (4.19)

It is assumed that the non-magnetic component of the
free energy of the solid solution is approximated by the
regular solution model. Regular solutjons are solutions
formed for components for uhichrthe entropy of mixing has
the value expected for an ideal solution but for which tﬁé

enthalpy of mixing is not zero.® A non-zero enthalpy may be

expressed by a power series of the component concentrations.
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Therefore, as expressed by Nishizawa et al., the
non-magnetic component of free energy is

2
.0 _ ry_y 19.Fe . 4 0.X 1.y 11FeX
Enm = (1 xx] Gnm + xX Enm + xxclfxx]Inm
+ RT{[T-Xx]Ln(I-Xx) ¥ Xy lnX,} (4.20)

-This free energy is expressed as an atomic fraction of
solute X, Xy, where DGLB is the standard free energy for
non-magnetic 1 and g% is the non-magnetic interaction
parameter between components i and j.

Unfortunately, it is not possible to theoretically
estimate the magnetic free energy in the same way;'iﬁstead,
descriptive modifications to the magnetic free energy of
alpha . iron are made [40,45], as described now.

It is well known that the addition of many species of
solute to alpha iron ai;ers its Curie temperature. This may
be observed in any majcé compilation éf binary phase
diagrams such as found in the Metals Handbook [47]. The
change in éurie temperature of a solution with change in
solute content is often small and caﬁsequentiy easy to
ignore. To ignore a shift in the Curie temperature is, in
effect, making a zeroth apprax{matigng

~ Nishizawa et al. [44] considered that the Curie
temperature of iron is shffted from 1043 K ﬁy dissolving the

atomic fraction X, of solute X, such that

X

¢ . Fe _ |
Tc ' T: * ATXXX (4.21)

The magnetic parameter for solute X, AE , represents the
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effectiveness of ‘a §iven solute in changing the Curie
temperature. This linear approximation would be valid at
least for dilute solid solutions. Assuming such a
concentration dependence for the Curie temperature Hillert
et al. [45,46] have shown that the magnetic free energy for
alpha Fe-X may be obtained by modifying the free energy of
alpha iron. Figure 4.4 shows the modification where the
magnetic free energy curve for alpha fe-X is displaced along
the paramagnetic free energy line, “Gﬁgg . That is, the alpha
Fe-X magnetic free energy curve maintains the same position
. with respect to the new Curie temperature as the alpha iron
free energy curve to the old Curie temperature [44].

The displacements mentioned may.be described by

'considering for alpha iron a temperature T] such that

!

Fe = _1fe u.Fe .
Gmag(T])' Tc Smag
Fe
where T - T, =K, .
‘ | ¢ 1 a.cqnstant (4.22)
For the solid solution alpha Fe-X, there exists a
temperature T, such that ‘
a = _7a ucfe
Gmag(TZ) Tc Smaq o
a
where TC - TZ = K ) (4'23)
This implies that
a Fe .
T, = T, - AT X ’
1. 72 XX (4.24)

For alpha Fe-X, T, is the system temperature, T, but if
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Ty = 1% then (see Figure 4.4)
| . B
T T - ATXXI
and 6% (T) = gf® (13y _ .+ y u.Fe
mag(T) Gmag(T ) - aT X, Smag (4.25)

The above is true for all values of T.

Weiss and Tauer [41] pointed out the influence of the
solute upon the size of the magnetic component, introducing
what may be called a solute intensity factor M . so that 1n

an alpha Fe-X solid solution

Q- _ r MY .Fe 1y _ r u_Fe 5
“mag T LMy dlenag(T%) - oy, "s0 2] (4 a6

Therefore, the free energy of the alpha Fe-X solid solution

may be expressed as

__ . ‘
6% = [1-x 19:.Fe 0:X v ry_y-17F€X '
(1 XX] Gnm * x! Enrn * xX[]’xX]Inm
+ RT([1§XX]£n(1iXx) + xx Ln!x}
B r~Fe a y UcF
+ ]EV xrk - u e
0 HX'XJEGmag(T ) ATXXX Smaq] (4.27)

In recent work by Nishizawa et al. [44], the interaction
term has been reformulated to include a magnetic
interaction. In regard to a dilute solid, it was pointed out

that: , X
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IFex

(FeX _ o riFe —é _ u.Fe -
xmag i,grx[si (%) - Ys ]

¢ Fex
I . - 3
mag nm X “mag

UIFEX = (FeX
mag nm (4.28)

1]
—
[

=
LY

The above éas justified in the following manner by
cansideriéé Hillert et al. [45,46]. The excess free energies
or the interaction free energies, I, are very small at low
alloy contents. For the magnetic term, Gigg, a small alloy
addition AX causes the Curie temperature, Tc + to be
displaced by;‘Tc- Therefore, the change in free energy of
the salutiaﬁ at any temperature (per mole alpha iron) is
3T (4.29)
which, per mole alloying element, is '
AT, a‘ggg S -
X 37 x . (4.30)

In thempresent case

h] , {431)
and term (i.Sﬂl!beeames
_ ,Fe i
AT, S - (T) , S -
X"mag - r (4.32)

Now , considering equation (4.26),



FeX -Fe ,;a, u.Fe ,
Imag * ATxr‘smag” ) - Smagi (4.33)

which is the second of Nishizawa’'s equations (4.28).
Therefore, the approximated alpha Fe-X free energy [44] may
written as '
L 190.Fe | « 0.X FeXy ry_y 1
67 = [1-X, 176 0 + Xy 6pp * Tpp Xy[1-xy1
+ RTLLT-X Jen{1-X, ) + Xy LnXy)

R 1 x rcFe (1ay _ ucFe 1, ,
# DMy 3620 (T) + ATy X, [5,2(T) - Usp 8 00Y (4,34

wha Fe ,.ay _ ~Fe ,+, Fe ,.,a, ,
where ‘Emag(T ) = Gmag(T) + Smag(T )A}x!x

(4.35)
The above free energy may be used to determine the chemical
potentials of the constituents of the solid solution.

L

4.3 Chemical Potentials of alpha Fe-X Solid Solutions

The free energy of an #lpha Fe-X solid solution may be
expressed in term; of its component chemical potentialstas |
| exﬁfesseﬂ in equation (4.18). Taking the differential of
equation (4.18) giveé

a6® = ,Feqx . ¥ax

fe X

,dgx

T ’ Fe
whare xFedu + xx

0 (Gibbs-Duhem eauation)(4 36)

In a binary solution dXFe‘

~dX, and therefore the chemical

potentials are described by



Z -
j 3

u e o= 6% - ; 6% - x, 26°
j Jax, x
J ; X
w¥ - 6% - rx a6l , a6 _ Fe , a6°
ax

i ¥ x (4.37)
-These chemical potentials may be separated into magnetic and
non-magnet ic cémpaﬁEﬁtsf The partial differential of the

‘content s

_ o0.Fe o.X L0.X
_% S Enm + [1-xy ]a nm Y Gﬁm ¥ xxafsnm
V-2 J1TE 4 X, [1-X, 10118 & RT[LnX,-2n(1-X,)]
: *T%’ .
Fe E! _ - u.Fe 1
- [H *X?][G ( ) - ATXXx Smag"
2
. Fe .1 u.fFe
+ [1-n XX][SGNQQ(T ) - aT, Smag]

X R
X ¢ o
' (4.38)

At this point, it is necessary to evaluate the terms
present: »
1. The standard non-magnetic free energy of pure alpha iron
is a function of temperature only, such that,
2%y " 0 L
Xy (4.39)

2. Also, the standard non-magnetic free energy of pure X is

~a' function of temperature onty, such that,



Xy (4.40)
The non-magnetic interaction parameter is a function of

temperature only, such that

Fex _
R 0

axx (4.41)

The modified magnetic free energy of alpha iron is a
" function of'temperature and the component
concentrations, such that

Fe ,cay _ Fe [;a a
a6 4(T7) 3G, (T7) aT™

[ %4

—, pe N 1
X aT®
where aT° = -AT
3X X
X (4.42)

The modi fied magnetic free energy is defined as a
function of modified temperature by reference to
equation- (4.7). Differentiating equation (4.7) with
respect to the modified temperature gives

Fe (cay _ .. Fe ,cay < Fe ,,a a..Fe (a
Cmag T ) = My g (T7) - S g (1) - %65 2 (%)
2T - aT? aT®

L4
As stated previously, the magnetic enthalpy and entropy

(4.43)

were obtained from the magnetic heat capacity in such a

manner that . . a

- .



» 67
ufFe (yay . Fe /. a,
Eﬂmé,(T ) = Cpmag(T )
aT? »
Fe (ray . S
?E@ag(T ) = Cppag(T)
aT®
.Fe ay - Fe  -a
?Gma’(T ) ATXSmag(T )
3y (4.44)
5. The modified magnetic entropy may be handled in a
 similar way, such that »
.Fe ay _ . fe ,La;
3§m§9£T ) = ATyl (TH) _
axx T (4-.45)

\ - PR
However, as noticed in figure 4.1, the modified heat

capacity for alpha iron has small values even near the
transition temperature. Therefore, this term has been
ignored throughout .
6. The solute intensity factor may be a function of
temperature and solute concentrations. In this case, Mx
was chosen to be a constant, M, which depends on ‘the
magnetic properties of the solute as discussed below.

Equation (4,.38) may now be written as

.a _ _o.fFe 0.X . r; . FeX r o a1y V1
367 = -T6 o+ "6+ [1-2x, 11 7+ RT[LnX,-2n(1-X,)]

- Miete

0 u.Fe
7,mag(T ) - AT X S ]

XX mag-

- FE a UFE c
+ =M, 08T, [Spag(T7) = "Spagd (4.46)

The validity of the approximation in equation (4.36) may be

-
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seen ‘from the fact that any derivative of the solution free
energy remains unchanged with the approximation.

The chemical potentials of both Fe and X in the solid
solution can also be separated into magnetic and
non-magnetic components. Therefore, the chemical potential

)

of Fe in alpha Fe-X is

Fe _ Fe . Fe

H “am © Ymag

Fe _ o.Fe-_ 2 FeX (1. (4.47)
Mnm Enm + Xxlnm + RTLn(T—Xx)

. Fe _ .Fe ,.a, _ ucfFe
“mag Emag(T ) - AT Xy Smag

|
[ —

Fas + refe ;7ay u_Fe
= xx[1§HXXJATx[Sma§(T‘) = 5 a

9

(4.48)
In the dilute approximation %he magnetic chemical potential
of Fe versus temperature is shown in Figure 4.5. The

magnetic chemical potential of Fe is not strongly dependent

concentration , such as phosphorus at 0.0001 atomic
fraction,

Fe - .Fe . ) , .
"mag ~ Gmag(T)g for small X,, 7% =7 e

To observe ~equation (4.48) as a function of magnetic
parameter, the solute concentration must be high, as in
Figure 4.6. As may be seen, .the magnetic chemical potential
of Fe increases with decreasing magnétic parameter.
Likewise, the chemical potential of X in alpha Fe-X is

given by
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ux = ux + l«‘k
nm mag
"'ﬁm M= °G:m + [1-xx]21::,x + R'Tcnxx' (4.50)
. +,[1-xx-Mxx+Mx§]ATx[s;§g(T°) ; “sgggj

(4.51)

The magnetic c%emical potential of X versus temperature is
shown in Figure 4.7 for M = 1 and varying magnetic
parameter. Again, decreasing magnetic parameter incqsases
the potential curve and, for a dilute solution,

urﬁag - ATx[S;:g(T) ) US;:g] - (4.52)
Likewise, Figure 4.8 shows the magnetic chemical potential
of X fér varying solute concentration.

The behavior of the chemical potential Eurves is as
expected. A small addition of solute X to alpha iron makes
little difference to the average iron atom and therefore has»
_little effect on the chemical potential of Fe. However , eééh
solute X atom disturbs the alpha iron lattice locally and
there is’ a tendency for rejection of X from the lattice.
This increases the chemical potential of X.

Nishizawa et al. [44], have conjectured that M = 0 may
be used for magnetic solute such as cobalt and M = 1 may be
used for non-magnetic solute such as phosphorus. However, M'

miy be temperature and concentration dependent. For M = 1,
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the chemical potentials are summarized below:

1. ufe - oghe 4 xZiFeX y Rren(1-xy) «
2. upeo s Gpe (1% - aTyxy Vsie
;- X Dr-xyJaT, IS8 (1%) - Ysie ]
3. k=%t e Dx 22X rTenx,
RN S B LS S SIANE L B 1A (4.53)

4.4 Limit of Solubility for X in alpha Fe-X Solid Solution
A change in the chemical potentials due to the onset of
ferromagnetism must affect the 1imit of solubility of a

solute in alpha iron. The géneral case is considered first.

4.4.1 Alpha Fe-X Solid Solutions

| The 1imit of solubility for a solute X in alpha Fe-X
occurs wWhen a second phase, Feaﬁj (denoted 8), is. in
equiiibriuﬁ with the alpha Fe-X solid solution. The a and b
are defined as frécticﬁs such that a + b = 1,

Figure 4.9 shows a schematic of free energy versus
conctntration for two phases in equilibrium at a particular
temperature. The dasheﬁ line represents a 'tie’ liné that

© :

determines the concentration Df‘éﬂiuteiin each phase. If X,

is the concentration of X in the aiphérphasei then
Y s
1
v
;if‘ﬂ



i

+

D\

Free Energy of Mixing (AG,,)

-

)\

Figure 4.9 A schematic of free energy fcr two phases in
equilibrium.
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a _ y X -+ y 1. Fe a E
GY = Xyu 4 EIEXXJH (4.54)
and when equations (4.34) and (4.35) give the free energy of

‘the solution, the 'tie’ line is given by

(4.55)

&

Therefore, assuming the second phase is ;tsich?&metrici i.e.
the atomic fraction of X in the second phase is b,

Fe

- ufeyp 4 Fe

I
—
-

=

Gé
) (4.56)

and the condition for equilibrium of 1 mole of 8 is given by

(4.57)
where G% is the molar free energy of the second phase.

The following formalism was developed by Ko and
Nishizawa [29] for alpha iron.? For a dilute solid solution,

where XX << 1, a dilute approximation may be applied,

Fe o.Fe ., .Fe
L Gmag(T)

X _ o.X FeX \ orenx e ‘S e i
Who= TG+ T T+ RT2aX, + AT, [Smag( )- mag] (4.58)

i

and equation (4.57) may be written as

‘Recently, solubility in aipha cobalt has also been
thermodynamically analysed [48].



8 .r0.Fe F
67 = af Gn; * m:g(T)j

, O;X Fex S Fe
+ b{ E + ImE + RTLuxx + [1- H]Gnag(T)

—7uFe— :
A [Sﬁaﬁ(T) " Smagl (4.59)

Rearranging this equation gives the Vimit of solid

solubility, xii s _
7 X3 * exp(~[Q,*Qp,o]/bRT)
’ 0.Fe .  ro.X FeXa 0 | ., ¢
g*& Qnm =2 Gom * b{ Gm * Tom ] -6 cC +# DT
F F Fe
Qpag = [1-DMIGLT (T) + baT, x(Smag(™) = “Smagd  (4.80)

The behavior of the magnetic free energy of solution, Q
versus temperature, is shown in Figure 4.10 for M = 1,

b = 0.5 and varying magnetic parameter. The magnetic free
energy of solution iS'apprcximatefy linear with temperature
above the Curie temperature as would be expected for a
non-magnetic situation. However, this is not true near and
below the Curie temperature; there is a wide variation of
the magnetic free energy of solution with magﬁetiz
parameter. A decrease in the magnetic parameter increases
the magnetic free energy of solution. As the free energy Qf
solution increases; the }imit of solubility for the soiute
will have to decrease.

Table 4.2 SBQHS’caicuiated magnetic parameters for vﬁriaus
elements when added to Fe [44]). Figure 4.11 shows the
corresponding Curie temperature for selected alpha Fe-X

binaries.
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Table 4.2 Magnetic parameters of solute in alpha iron
calculated from solubility data [44)

E lement

Be
Mn
P

Cu
Cr
In
Ni
Mo

T1.5n,Sb.W

Co

Magnetic Parameter
(K) ’
a -1800
“4300
21200
=1000
-800
-630
-400
=300
0
f ; - +1020
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The béhaviér QFTIH(Xi) versus inverse temperature,

related to Figure 4.10, is shown in Figure 4.12. As |
expected, the solubility decreases with increasing magnefic ‘
parameter, especially bélcu the Curie temperature of the
binéry alloy. That is..salutes that strongly decrease ther ;
‘Curie temperature (large negative magnetic parameter) also
strongly decrease the 1imit of solubility. The dashed line
FepFESEﬁté the paramagnetic solubility line for all magnetic
parameters. This is a situatigh where magnetic free energy
is linear with temp@ature and magnetic entropy-is constant.
Therefore, the paramagnetic behavior is the same as the 5
traﬂ{tiaﬁal ‘non-magnetic’ formulation. Solubility data
above the Curfe temperature approximates the paﬁamagnétic‘
limit of solubility but it must be remembered that short
range magnetic iﬁteragtian§ still exist and cause some
deviation from paramagnet%é behavior.
bé}hé\eiperimenta} determination of solid saiubi]ity-at
low temperatures (below 800 C) fequiresia sophisticated
1nvest1gatlon te:hnlque with a small spatial resolution.
%Furthermcre. to apprcach a state of equilibrium, very long
ageing at temperature is needed. However the .advent cf :
resulted in a subs@aﬁtial amount of experimental data over
the last decade. Some of this data is-shawn in Figure 4§1§.
As is evident, the solubilities of many solutes in alpha

fron follow the form shown in Figure 4,12,

&
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Sol ubility of Alloying Elements (at %)

N |
| Temperature (K) ‘

11400 1200 1000 9bo 800 700
i B B S — ,

63

60 T T T T T

b.sf
0.6}

O Speich et al. [49]
v Qureshi [50] A Doan and Goldstein [28]
B Wriedt and Darken [51] ® Ko and Nishizawa [29]
© Speich et al. [52]

0.2}

0.1}

008k A Hofmann et al. [27]
| ]

- | I | , i 77,7, 1 . 1
0.06,; 8 9 10 T 12 13 4

Reciprocal Temperature (104/T)

~ Figure 4.13

Examples of solid solubility for X in alpha Fe.
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4.4.2 The Limit of §61ub11ity For P in alpha Fe-P

The experiment8l. results for the solubility of
phosphorus in alpha iron from the present work are shown in
Table 4.3. '

These results were obtained from concentration brofiles near
second phase precipitates. The gro&th of an iron phosphide
precipitate requires a concéntratioh gradient from the
surface of the particle into the bulk. If it is assumed that
&_—}region immediately near the particle surface is in
quasi-equilibrium, then the solute concentration of the bulk
in this region is the real limit of solubility for that
tgmperature. This is especially true at lower temperatures
as the time to reach true equilibrium may be prohibitively
lohg and the concentration gradient becpﬁes very steep near
the precipitate surface. An example of such a concentration
profile is'shown in Figure 4.14,

The expertmental limit of solubilaty for P in alpha Fe- -
(denoted by 0) is shown in an Arrhenius plot in F1gure 4.15.
Also shown is the calculated limit of solubility (solid
#Tne) and the paramagnetic limit of solubility (dashed
line). This latter has been approximated ?rom the data of
Kaneko et al. [23] who proposed the following solubility
'équztfon'(innat%)

X3 = exp(4.97 - 4490/T) T “"6")‘

This gives a non-magnetic free energy of solution of
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Table 4.3 ExperimEﬁtaigresuits of bulk pﬁéspharu; content
Allay ; phosphorus
’ o (atX)
Tgooc |, . 1.97
T750C , : 1.50
. T700C | 0.95

| ‘ 0

el R 0.72
0
0

;faoc o .56
550C . .

0. 43
| T500C . o " no result

Master 1 - 32.60
Master 2 | ‘A_ 24,62
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&
¢ Qpn = 9333 + 6.0T J/mole L (4.62)
From data obtained using EPMA, Nishizawa et al. [44] |
4 -
proposed
Qnm =. 9500 + 5.97 J/mole )

. -(4.63)
and the values b =.O.25 and ATp ¥ ~1200 K. The present
investigation gave slightly lower concentri}ions fhan'that
of N1shlzawa et al. This may be due to the fact that
lehrzawa et al. used a proportional constant to derive
concentration from the raw data of X-ray counts. This.method
is not as abcuraté as making iterative ZA; corrections of
‘the raw data as performed by the EDATAZ_progrém.

The calculated solubility in Figure 4,15 makes use of
-1200 K for the magnétic parameter. The experimental data
fits well below the Curie tempera}ure but approaches the
paramagnetic'limit too quitkly. There are several possible
reasons for this slight discrepancy. The magnetlc parameter
was determined by a least squarea fit of

mn'xgg,-[l_-gg_le,fijg(r) R TR I AN SR A | e

'y 64)

over the entire solubility region. The shape of the magnetic
heat capacity curve (which determlnes the magnetic entropy
and enthalpy curves) is different above and below the Curie
temper;;bre. It may be that the heat capacity curve
decreases much hore rapidly above the Curie temperature.
Alternatively the magnetic parameter may be temperature and

concentration dependent (a non-linear variation of Curie



temgerature). Furthermﬂfe very little is Known about the
behav1ar QF _the solute intensity factor, H;

In geﬁefai, this approach using empirical excess
magnetic éree energies seems justified. The thermodynamic
formalism fits tﬁe experimental data quite weiii\The
magﬁetic.the%madyﬂamic functions are then valid
is%raximatiéns of reality and it is now §@551ble to apply

this 1nFcrmat1m to oter prapertres of iron- base& al]aysg

-
4.5 Vacancy Cénéanfratiansliﬁ alpha Iron _

Previous deveie&ments»bgs?he author and others as ‘
descéibed}abgve are now extended to the case of vacancigs in
alpha iron. . : o | J'/Ps

" 4.5.1 A Hypetheti-za‘i Iron Solution

Consider an alpha iron ﬁrystal at absglute zero: This
solid state eaﬁtains no. vacancies. Now assume there ex15ts a
hypcthet1cal alpha iron, denated A, with no vacanc1es at any
ztemperature Let the Free enérgy of this mater1al be

’ hm ‘mag " \ (4.65)
- Assume that vacancies may be treated like solute atoms.
- ¥herefore, one has an alpha fFe-v binary solid solutien. By

analogy with an alpha Fe-X regu]ar solid solution, jthe Free

!energy DF aipha Fe-v may be \WES
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‘ - Fe 0+A L O~V Cy oy AV L - S oy
6" = x, E,,zf Xy Bpom * XX, 177 + RTLX AlnX X, tnX ]

cx D1-mx ][Gmag(T ) - &T X Usfe 7

mag

" where: 7 . T - AT X S i
where ! vy (4. EE)‘

It is well Known there are relat1vely few qacancies present
at lower tengeratures. therefore, in dilute :pp?éximatian X,
ts very small and the Free energy af pure iron approximates
the ‘free energy of the hypotHetical iron. At a temperature
T, t?ere is a vacancy content such that the system free'
gneréy is a minimum. This occurs when the der%vative of free

'gﬁgrgy Qith respect to the vacancy concentration is zero. ;g

the dilute apﬁrcximafiéﬁ. vacancy concentration is small and

1

Fe o.Fe

%%%: = - Eﬁﬁ + RTLniﬁt :
SR ;ig(T) T, csmag'T) “sgjg]
A .. .
o CaaglT ) Emag(T) | (4.67)

This gives the'equiifbﬁium va;aﬁsy concentration as

X, = exp(-[q, + 0y, /RT)

Y

, Fe , u.Fe ,
Qmag i mag(T) * ATXESNEQ(T)- SNEQ] (4.68)
]

The energies of vacancy farmatiah*are normally measured at
high temperatures and therefore: may be considered as the

paramagnetic energies of vg;ancy formation, i.e. when



- |
L]
* -,, FE - U*FE )
‘ mag(T) B Smég .
’ . aFe 3y ucFe
LY Emag(” T mg\ﬁT o q (4, 69)

The equi}1brxﬁm concentration cF vacancies in alpha
iron varles with temperaturﬁ in a manner similar to the
variatlgn éf the 1imit of sa?ubiiity F@r'a solute. It is
éxpe;teé that the magnetig pa;r:ameter for vaé‘aﬁcies is large
and negative, since the f@ﬁmaficﬁ;gf a vacancy distorts the
iron tattice and there are no.electrons available for

coupling. . - e

4.5.2 Predicted Vacancy CaﬂCEﬁtH§ticns from alpha Iron
SalF-DiFFusicﬁ Data .

It is well known that self-diffusion in a pure element
!depends strongly on the vacancy CQHCEﬁtrat1Dﬁ pFESEﬁt 10 IF
the vacancy concentration is afFected by Ferrgmagﬁet1sm
then self-diffusion must be affected. The anomaly should
shcw up in the self-diffusion coefficient. In fact the
self-diffusion EDEffiGiEﬁé for alpha iron has been
experimentally determined by various workers [63-56].
Figure 4.16 sgcws an Arrhenius plot of the self-diffusion

coefficient for alpha iron taken from Hettich et al. [56].

The similarity between this figure and the saiubi[ity

limits in Figure 4.12 s striking. Indeed, experimentel

- s s m s s EmsEamE o=

'°The motion of an atom is equivalent to the motion of a
vacancy in substitutional solutions. .

J
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values of the self-diffusion coefficient for alpha -iron may
be used to determine a magnetic parameter aT_ for vacancies
in alpha iron.
Consider the paramagnetic self-diffusion coefficient

for alpha iron, D, as measured by Hettich et al. [56]

R
Fe = DpexP(-Qp/RT) \
Dp = 0.98 cmz/sec

D

Q, = 236400 J/mole - o
P k g (4.70)
Similarly, a paramagnetic diffusion coefficiént for
vacancies in alpha iron has been determined [57]
D, = 0.5 exp(-88770/RT) cm/sec
Y | (4.71)

The self-diffusion coefficient may be given [57] in terms of
the diffusfon coefficient of vacancies and the free energy

of formation of vacancies, aGf . —

. Y 2
D = KDVExp(-QGFiRT)

| Fe (4.72)
where er 0.72, a correlation factor. This allows the
paramagnetic free energy of vacancy formation to be
determined as 147600 - 8. 33T d{mc]e The non-magnetic
"version would be 147600 - 17 33T J/mole. Note that equation
(4.71) also shows that the free energy of vacanqy migration.
in alpha iron is approximately O 4 times the Frge Eﬁérby of
formation (i.e. the activation free energy for \%cancy
diFfUSIDn is approximately 1.4 times the free energy DF

formation).
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Therefore a magnetic parameter far;vacancies was
determined by a least squares fit similar to that carried
out for equation (4.64), and, keeping in mind that this
value is 1.4 times too large, the magnetic parameter for
vacancies in alpha iron is found to be approximately
-2400 K, a large negative value as expected. Figure 4.17
shows the magnetic free energy of vacancy formation. Vacancy
formation becomes much more difficult in the Ferrcmagnéti;
region. Figure 4.18 is the corresponding equilibrium vacancy
concentration curve.

Therefore the individual vacancy affects the magnetic
prepertieé=af iron as significantly as any solute. However ,
there are generally few vacancies present so that the tatéi

effect is small.

§§E The Thermodynamics of Equilibrium Grain Boundary
Segregation

It is First necessary to understand the thernﬁdynamcs
of interfaces (in this case grain boundaries) and of
equilibrium segregation. Guttmann’'s thermodynamic treatment
of multi-component ;egreﬁatién [5,17,58] is based on the
formalism Tnitiated by Defay and Prigogine [59]. The basic
hypothesis is that an interface, ¢, can be céﬁsidered as a
two dimensiénal (2=d) phase in which all the thermodynamic
functions cén be defined as in the bulk, . The following

define the necessary variables and functions:
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N? = number of i atoms in ¢
N% = number of { atoms in alpha (bulk)
o = surface tension of ¢

= area of ¢

G* = G (P,T,0,N$,N) = Gibbs free energy at ¢
G* = G (P,T,N) ’
F® = ¢ (V,7,0,N$,N') = Helmoltz free energy at ¢

-
[»]
]

F (V.T.N?)
The Helmoltz and Gibbs free energies are related by:

6 = r? - 40
) 6% = F% + py°@

(4.73)

The only difference between a 2-d and a 3-d phase is
the surface tension of the 2-d @haséi The surface tEﬁéiQﬁ of
¢ is associated with essentially zero thickness and the
extensivity of ¢ is described only by the boundary area, Q.
This is equivalfﬁt to ignoring the yolume of ¢ and thus the
PV terms fn the free energy of ¢. Also, the ¢ is assumed
incompressible in the thickness ﬂfFEGtiQﬂ.rthé mechanical
caﬁtr?gutigﬁs to G¢ arising only from the 2-d term +oR. The
free energy of ¢ is E:FJHGtiQﬁ of the intensive variable
which means that the entropy at $ and the chemical potential
of i at ¢ have to be calculated at constant suﬁface tension.

A siﬁgig form of the boundary chemical potentials may
be assumed by analogy with bulk functions: |
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\
d uai . ouui(P.T) + RTlna?
utt = 0T (p,7,0) + RTLRa? (4.74)
> ¢
Also by analogy
v . ;
. . F’ = ZN? C‘

T i - (4.75)
where £’ is the Helmholtz equivalent of chemical poténtial
for i. The partial molar area of i is defined as:

"’“wi = (aQ/aN;O)P T "0
2 130, j*i (4.76)

and, since the total boundary area obeys Eulgr’s theorem for

extensive quantities:

a =z N, .
i (4.77)
\
Likewise, Gibbs free energy may be given by:
6% = £ N
i ! -
= fF*® - oq
which allows w = ® qw; (4.78)

Consider a system with grain boundaries, ¢. The equilibrium
segregation and surface tension are given by:
¢ _ a yo a
Xi f(P,T,X ,Xz,ﬂ.--.xn)
a ,a a
g = g(P,T,X ’XZ"""Xn) (4.79)

The conditions for equilibrium between a two- and a three-
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dimensional phase, for all i, are

S (4.80)
For an ideal solution the activities are the concentrations,

and

W = 0T Ly s RTEaX? = %47 & RTLnx?

\ ! ! ' (4.81)

However, for non-ideal solutions, partial excess free

energies, EG?. may be intnoduced so that:

o _¢1 E¢_ $ _ 0 ai Exa a .
g’ o+ Gi Tw; + mnx1 = w o+ CAT 4 RTenxS (4.82)

for 1 = i.2,....n-1. The solvent is given by i = n, so that:

o _¢n Exo - + RT ¢ . o an + Exa a
g Gn ow, tnxh u Gn + RTZan (4.83)

Multiplying equation (4.83) by “i/”n and subtracting it from

.equation (4.82) to eliminate o gives:

chn([x“/x°].‘/w" x%/x%)
n""n 77

W
i

AS

- o _on 0 an E 6 L Eza
a1 BRI Rl A G,]

W

- [%07 - oual fe? . €821 (4.84)

Where aG1 is the segregation binding energy for atoms { at
the boundary. |
Guttmann and McLean [58] have shown that for the case

)

-

/
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of regular behavior with solute site competition't!, the

segregation is given by:

x¢ - x? exp(a6'/RT)

“n-T_ . )
1 + 1% fexp(aG’//RT) - 1]x§
21 3

- (4.85)
For a n@ﬁ‘zampetitiQe case, each solute species takes up a
different set of sites in the boundary. If Y$ is the
fraction of sites filled by splute i, then, in dilgte bulk
approximation,

v = ¥% exp(aG'/RT)

1 e ye exp (&G’ /RT) (4.86)

Any or all of the solute species present may saturate

(Y? = 1) the boundary under the appropriate conditions. The

segregation behavior of any solute is independent of the

- segregation of any other solute except through .the free

energy of segregation. Examples of segregation curves are
given in Figure 4.18. These curves were generated using the
semputér,pragram developed in the present work witha&t
magnetic effects (setfiﬁg magnetic terms to zero). It should
be noted that in a non-competitive ternary system, the
segregation curves of both solutes will be similar to thé
binary behavior described in section 4.7. It has been
suggested by Guttmann [60] that similar atoms are
competitive (e.g. metalloid atﬁms such as P,As) and unlike
atoms are non-competitive. Héwéver. the evidence is not

''Al1l atoms at the boundary compete for one set of boundary
sites.
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conclusive.

4.7 Grain Boundary Segregation in Binary alpha Fe-X Solid
Solutions

Guttmann’'s analysis is now applied to binary alpha Fe-X
solid solutions using the chemical potentials obtained in
section 4.3 and found in equations (4.44) to (4.48). For
convenience of presentation the following simplifications
Will now be applied (excess energy terms are assumed to be
non-magnetic)

SU:; . a§¢1 + Eé$

- (4.87)

4.7.1 Case 1: Grain Boundary Free Energy Without Magnet ic
”Tarms |

As a first approximation, the grain boundaries will be .
ceﬁsidered non-magnetic. That is, the atoms in the
b@uﬁdarieé cannot take part in any magnetic interactions and
there are no magnetic terms possible when describing the
boundary free energies. As the maghetié free energy terms
would be directly dependent on the boundary solute
concentrations, this simplified case allows direct analytic
solutions which, despite their limitations, é@\iﬁdisate ”
trends. ’
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. To obtain an equilibrium segregation equation, the
fgilowing conditions are applied for some temperature, T:

.Vi" ' & X aX
e . H T (4:88)

Cobcéﬁtrations of solute X in the bulk and boundary are X}

andixa respectively, and, as with équations (4.82) &nd

(4:83) | v
. X _ o ¢X ¢ _
Oyt H f Ham * RTlnXx Swy
. « 00X a- aX .
. b * RTERNR'* upg
. = aX_ '
T (4.89)
\ oF oFe . oy
- ¢ ) e - (o] e {
o = Cuon ¥ RTLn(l—Xx) - Owpg

afFe

. 0. aFe a
u + RTLn(l-Xx) + mag

nm

: ) . .afe
‘5f?' = (4.90)

The excess free energy terms are taken to be non-magnetic.
~

Multiplying equation (4.90) by mx/«.a'_re and subtracting from
equation (4.89) results in

»
w,/w
X" “Fe I X X I, .X
ern({[1-x;]/[1-x§]} Xx§/X3) = 'a6" = a6, 4+ 86 pag
(4.91)
X _ o ¢Fe o afe,  ro ¢X _ o aX
86m = “x Cugn = vam 1 - Digg Mnmd
w «
Fe PA
I,nX = ,aX afe

88pag “mag = “x “mag

“Fe (4.92)
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The superscript I in the segregation free energies refers to
Case I. Superscript Il will refer té Case Il (section
4.7.2).

At this point, it is assumed that the atomic structure
of the grain boundary is not altered throughout the
segregation process. In other words, substitution is perfect

with both species occupying the same area in ¢, that is:

“Fe T “X : o
S)( (4.93)

Equa?iaﬁ (4.92) then becomes (applying the approximation in

equation (4,35)):

73, u.Fe -
%) - s
magT (4.94)

I, .X - a Fe
B6pag mag(T) + [1- znx ]AT ISm

The behavior of this magnetic free energy of segregation may
be evaluated by considering a dilute bulk approximation,

" where Xy << 1, and \

UFEj

fagX (X0 = mag(T) + AT, [Smja(T) mag

_ mag . (4,95)
Figure 4.20 shows the behavior of equation (4.9#) with
temperature, using the previously established equations for
thermodynamic functions. . ¢

-It is immediéteiy evident that the magnetic segregation
free energy has a large value at low temperatures. With
increasing temperature, there is first a gradual ﬂec]inez
then an increasing rapid decline near the bulk Curie
temperature culminating in a minimum just above the Curie

temperature. Above this point, the curve approaches a linear

\
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increase with temperature. This may be seen from equation

(4.94) by considering that

_ u.fFe
mag(T}§T °) - Smag :
u.Fe
mag(T§}T ) = -T Smag
I Fe, _ u.fe o
“Gmag(T}}T €)= 4MT Smag (4.96)

Increasing the bulk solute concentration decreases or
slightly flattens the curve below the Curie temperature.

In order to appreciate the effect of the segregation
free energy on equilibrium grain DQUﬁdé;y segregation,
consider the segregation equation (4.84). For constant
temperature, as the free energy of segregation increases,
the boundary solute ecnt&ﬂsc increases. This is
equivalent to displacing the segﬁegat1aﬁ curve to the right
-as shown in Figure 4.21. To evaluate his equilibrium
segregation equations, Guttmann set a constant standard free
energy of segregation. That is, there is only one type of
site for segregated solute atoms at the grain boundary.
Likewise, in evaluating the magneticzecﬁtributiaﬁ to
segregation in the present work, the non-magnetic components
of segregation free energy are set to a constant value.

These assumptions, that all"partial molar boundary

areas are equal -and that the non-magnetic segregation free

.energy is a constant, are éuite restrictive. In reality,
there 1s a 'spectrum’ of available grain boundary sites for
solute segregation. Each 'type’ of site will lower (or

raise) the energy of the system a particular amount when it

Ao
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is occupied by a particular species of atom. This is known
as the ’'spectrum of binding energies’ approach [61].
Unfortunately, the spectrum of binding energies cannot be
theoretitally calculated and there is a paucity of available

Furthermore, competition for grain )

boundary sites may occur if the binding energies for

different solute species are similar. The coverage of solute

will also vary from grain boundary to grain boundary as the
sites available ;n the boundary will ¢hinge with the
‘structure of the boundary [63] which changes with boundary
misor entation, etc. i ’

As an example, consider the alpha Fe-P sYstgmi
‘Figure 4.22 shows a grain boundary concentration versus
.temperature plot for an alpha Fe - 0.1 at¥ P ;é]id salutiéﬁ!
Three cques are presented for non-magnetic, paramagnetic,
and ferromagnetic situations for the same alloy. It is clear
that the effect of the magnetic contribution is to increase
segregation and its temperature dependence over a
commercially important range of temperatures
(700 to 1000 K). The effect of increasing bulk solute
concentration is to raise the segregation curve and shift it
to the right. If the dilute bulk approximation is not made ,
so that terms with powers of x% must be included in the
chemical potentials, the effect is to shift the segregation
curve to slightly lower temperatures.

The magnétic cémpcﬁEﬁt of segregation free energy as a

function of temperature for several values of magnetic

i
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"parameter is shown in Figure 4.23. The corresponding
boundary segregation curves are shown in Figure 4.24. for an
30 KU/ mole. It is

arbitrary but reasonable value of AGZm
clear that solutes which depress the Curie temperature
(negative magnetic parémeters) shift the ségregatiaﬁ curve
to higher temperatures. Likewise, solutes which increase the
Curie temperature (positive magnetic parameters) shift the
segregation curve to lower temperatures. The shift, as
indicated, may be hundreds of degrees. The grain boundary
segregation curves for several bulk solute concentrations is
shown in Figure 4.25 using the appropriate magnetic
parameter for phosphorus. This figure also displays the
effect of the solubility of P in alpha Fe as shown by the
solid_segment of curve D. For the dashed lines the
solubility is ignored. The_beundary solute content is
proportional to the bulk solute content and the exponential
of the segregation free energy (see equation (4.85)). At
high temperatures the exponential term is small which allows
solubility effects (changing the bulk solute content term)
to be apparént. At low temperatures the éXpaﬁéntiai term
completely dominates the bulk term and solubility effects
‘are not apparent. Therefore, changes in the bulk solute
concentration or the free energy of segregation terms have
similar effects on the segregation curve. A1l these facts
are completely consistent with the changes in the limit of

solid solubility as determined by the magnetic parameter,
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As is evident, Case I immediately points out the
(
general trends of the effect of ferromaghetism on
segregation, however, some inconsistencies are present. The
AT*
i.e., zero variance of the Curie temperature, and the

= 0 K condition should_rgpresent no magnetic effect,

magnetic contribution to the segregation free energy should
be zero. It may be seen that Figure 4.23 shows a non-zero
magnetic segregation free energy for the condition '™

AT*O: 0 K. Also, above the Curie temperature the free energy
slowly increases for any magnetic parameter, a situation
which is clearly not feasonable. Therefore, Case Il will now
be considered. |

4.7.2 Case 11: Segregation when Grain boundaries may be
Ferromagnet ic

\ The assumption that the only difference between a 2-d
[)and a 3-d phaﬁe is the 2-d surface tension, g, realistically
demands that the grain boundary of a ferromagnetic 3-d phase
méy itself be ferromagnetic. Thus, the chemical potentials
of the grain boundary species would have magnetic components
{which they do not have in equations (4.87) and (4.88)).

Hence, one may write

o1 _ ¢ ¢i .
H “nm * Vmag
- 0 ¢1 ¢ _ R
b * RTEAXE - owy + up o (4.97)

where pﬁi is a magnetic free energy component of the

boundary. It is assumed that the magnetic chemical potential
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in ¢ may be described as in the bulk, i.e. v
¢Fe _ oy _ ¢u
“mag mag(T ) ATXXX Smag
- x01-mx3a1 [P (19) . ugFe ] (4.98)

mag mag

¢x . ¢ Fe ¢y _ ¢u Fe :
mag [1 Mx ][Gmag(T ) - Arxxx smag]

+ [l-g: nx°+nx‘ AT, [sgig(T*) - Ug :ig] (4.99)

where T® = T - aTyX{. As in Case I, the Guttmann analys1s is
spplied to _obtain an equilibrium sggregatign equatian {.e.’

for some tenperature T,

¢X _ o L oX ¢ _ u X
" Mem +.RT£nXx amx Iig
. 0o X - ] aX
T Hpm * RTLRXy +~uma§
aX ‘
hall U
¢fFe _ o ¢Fe by . §Fe
U = THpm t RTln(l Xx) Swpe + Vmag
. o afe ,aFe
Hom + RTLn(1- X ) mag .
. - ofe , (4.100)

After treatment as in Case I and again assum1nq uF = ux a

segregation equation results: .
> L

-,

1.
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o, |

RTLa(X$L1-x31/X2[1-x8]) = TT,gX
X . I1.aX
a6t AGmag

11,.X Fe (16y ay _ [y ya u.Fe
AGmag H[Gmag(T ) - mag(T ) [x ) o ]AT Smag]
1 ¢y.1 recfFe ¢y _ Fe
- [1§Hx,]AT,[S 0g(T%) - _ag]

a FE Y] , U,FE
* D-mGlaT,[s 0 (1%) - Vse ] (4.101)

No technique was found to evaluate this equation directly .,
but by considering equation (4.85), then
X3 X3 exp(a6X/RT)
1+ xSlexp(26%/RT) - 1] (4.102)

is solved for roots of X§. This may be done, for example; by
the graphical bisection method or an iterative substitution
of X§ and/or T. The computer programs and techniques
developed for these numerical solutions can be found in
Appendix 11. To better understand the expression for the
magnetic free energy of segreéatiaﬁ consider the two
bounding ranges, high temperatures (T >> TFe) and low -
tgmperaturés (T <« Tif). At higher temperatures, above the
Curie temperature, the boundary and bulk solute
concentrations are similar (Xi ~ X§) and since the magnetic
segregation free energy is the difference between magnetic
- components of the grain boundary and the bulk segregation
free energies, “AG%BQ(T > T2) will tend to zero (the
magnetic effects are effectively zero above the Curie

temperature). As the grain boundary becomes saturated with
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solute (i§ approaches 1) at lower temperatures, the shift in
T ({.e. T - aT,X ) reaches a maximum. For typical values of

AT = -1000 K, this implies

EFe (T*) Fe (TG)

"mag mag
Fe -4y _ ucfe
mag(T ) < Spag{T") = “Smag (4.103)

Aléo, as X approaches saturation, the boundary solute
concentration is much greater than in the bulk (x$ >> x§,
thus the terms containing X% and Sgsg(T@) may be neglected.

The overall effect is that at low temperatures

I

MEere (1) - Gpeg(T%)]

X v
AG ag(xifl) mag

U f
. ﬂxu € [1+M] (4.104)

mag

The first term is negative and proportional to U gg

however the second term has a much greater positive value.

This leads to an increase in segregation free energy and
hence in equilibrium segregation, the reverse being true for
positive magnetic parameters. |

Figure 4.26 shows the magnetic contributibn to the
segregation free energy as a function of temperature for
various values of magnetic parameter. The non-magnetic
component of segregation free energy wa;dchQSEﬁ as
40 KJ/mole. This value is higher than that used in Case |
because of the constant positive (background) magnetic
segregation free energy of approximately 10 KJ/mole found in
Case 1 (see Figure 4.23). Again, a large negative magnetic

parameter leads to a larger segregation free energy. For the

)
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ATy = 0 K condition, the magnetic free energy is indeed zero
'for {ll temperatures and, above the bulk Curie temperature,
all magnetic free energies‘tqu to zero. Case II, then, is
more realistic than Case I. {he corresponding amounts of
grain boundary segregation for Figure 4.26 are shown in
Figure 4.27. It is clear that decfeasing'vaiues of magneti¢
parameter cause the segregation curves to shift to higher
temperatures and they can also develop a sharp sgeg be low
the bulk Curie temperature. Similar steps appear ih the
segregation curves of ternary alloys iSEI where increases in
segregation free energy are caused by solute-solute
interaction. For magnetic parameters targe and negative, the
magnetic free energy of segregation curves may be divided
into 3 regions:
t. at temperatures‘above the Curie temperature, the free
energy is very smaltl; ﬂ 7
2. at some temperature usually below the Curie temperature
there is a rapid increase in the free energy; and
3. at lower temperatures the free energy increases with
décreasing temperature in a roughly linear manner.

The efféct of bulk solute concentration on the magnetic
segregation free energy is shown in Figure 4.28, and the
corresponding grain boundary concentration curves T
Figure 4.29. Interestingly, the shape of the magnetic
ségregation free energy curves is reminiscent of a
- magnetization curve, having farge values at low temperatures
- and dropping rapidly to very small values near the

2
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order-disorder transition temperature (Curie temperature).
The effect of decreasing bulk solute is to ‘chop off’ a
right hand portion of the magnetic segregation free energy -
curve by introducing steps at decreasing temperatures, thus,
shifting the region of rapid segregation increase to lower
temperatures,'Again. céﬁsider the segregation equation
(4.85). It is obvious that the changes in the bulk solute
concentration and the exponential term should have similar
effects.

The effect qf non-magnetic segregation free energy on
the magnetic segregation free eneﬁgy is shown in
Figure 4.30. and the corresponding segregatiéﬁ curves in i
Figure 4.31. These figures are very similar to Figurés 4.28
and 4.29 for magnetfc segregation free energy. -

The present analysis predicts that small amounts of
solute with large negative magnetic parameters have a large

- _ ‘
effect on the equilibrium segregation behavior. Thus grain

boundary segregation behavior in iréﬁibased alloys is
different than segregation in non-magnetic alloys. In
general, as many important impurities in iraﬁ!based alloys
are non-magnetic with large negative magnetic parameters
(see Table 4.2), the temperature raﬁée over which the grain
boundaries are saturated extends to higher temperatures than
would be expected from purely non-magnetic considerations:
At these higher temperatures, impurity diffusion is easier

- and equilibrium segregation is achieved more rapidly. As

intergranular embrittiement of many materials has been
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linked to grain boundary impurity segregation, the present
analysis indicates magnetic materials are likely to be more
susceptible at higher temperatures to embrittliement than
equivalent non~mabnet1c-mate’r1als. o |
Approximations of Case I and Case !l for the alpha Fe-P
system are shown in Figure“4.32. This figure emphasizes the
ma jor d¥ferences between Case I and Case I, that is, Case
Il may have a step in the curve and the Case I curve is
displaced to higher 'temperatures. The displacement is due to
the fact that, for Case I, the magnetic segregation free
ehergy has an unrealistic positive component present as seen
in Figure 4.23. The step in the Case II curve is believed,

due to a magnetic transition which will now be discussed.

4.8 The Magnetic State of the Boundary Phase

An interesting outcome of the abpve analysis arises
from the solute dependence of the Curie temperature.
Boundarie; rich in solute (with a large negative magnetic
parameter) can achieve transition to the paramagnetic state
as the Curie temperature of the boundary falls below the
system temperature. Thus situations can arise such that as
the temperature fal)s, the boundary phase transforms from
paramagnetic to ferromagnetic near the bulk Curie
temperature then at a lower temperature segregation causes
the boundary Curie temperature to fall Tow enough that the

boundary phase again becomes paramagnetic.
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The grain boundary Curie temperature is
¢ = rfe 4 oAt x |
o X 1(4.105)
where TSE is the Qurie temperature of iron (1043 K). Thus at
a temperature T, the grain boundary will be ferromagnetic if
, x§ < [T - TEE], 8Ty negative —~
g%,zﬁiig_rr : | -
Xy 2 [T - Tge]." AT, positive |
AT, . (4.106)
At any temperature a maximum solute content f‘ {or critical
solute content) exists beyond which the grain boundary ﬁhasa
“will be paramagnetic. A line representing )‘{' versus
temperature is shown for the Fe-P system in Figure 4.32.
Shown in Figure 4.29 is a more general case at several bulk
solute contents. It can be seen that in this casé.ifer
XS = 0.001, the boundary is always paramagnetic whereas for

-
= 0.0001 the double tranéfaﬁpéiicﬁ occurs. It is noted
&

>
>
L]

>
g
"

that a step in the segregation curve exists only when the
xﬁi line crosses the segregation curve, that is, when a
second magnetic transition takes place. However, a second
magnetic transition may occur without a step occurring in
the segregation curve for small negative magnetic parameter.
The segregation curves seem to indicate that the Xii line
crosses at or near an inflection point in the segregation
curve. Increasing the bulk content has the effect of
decreasing the temperature range for which the grain

boundary may be ferromagnetic.
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The iﬁfgrmétiaﬂ in figure‘dgia_may be displayed in a
different manner which will be more useful in subsequeni
sections. Figure 4.33 shows equilibrium grain boundary Curie
temperatures versus the system temperature. The conditions
for a ferromagnetic boundary would be
(4.107).
The dashed line separates the Ferramagneticgaﬁd paramagnetic

regions.

4.9 The Thermodynamics of Dilute alpha Fe-M-X Solid
Solutions | ‘ »

The theories and formalisms previously applied to alpha
Fe-X binary solutions are now used to describe alpha Fe-M-X
ternary solutions. Although Nishizawa et al. have
empirically calculated the free energy and solid solubility
"specifically for Fe-Co-X, the author now presents a general
formalism for alpha Fe-M-X systems.

The total Gibbs free energy function, G°, for an alpha
Fe-M-X solid solution will be, by definition,

G(T) = H®(T) - TS%(T) (4.108)

As with binary solutions, the total free energy functions of
ternary solutions may also be analysed by their component
parts. That is, it is assumed, by analogy, that
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a < .
6%(T) = G, (T) + mag(T) N (4.109)

The 66n-magnetic component , G:m. may be theoretically
described by way of the ordinaby regular solution
approximation (the quasi-binary approximation). The regular

solution approximation gives the following:

a o.fFe o.M P |
Gnm - "re Gnm * XM Gnm + X -Gnm
MX

FeM | FeX ; (
+ XM[I -X ]I + Xx[l-xx]Inm XXl

+ RT[XFeLnX + XylnX, + XanXx]

Fe (4.110)

where
°G:m is the non-magnetic standard free energy for i,

, I:% is the non-magnetic interaction coefficient between

i and jJ,
X5 denotgs the concentration of impurity i, and
Xydenotes the ¢oncentration of a transition metal M.

A descriptive modification of the magnetic free energy
for the ternary solution is based upon the mod1f1cat1on used
for the binary solution. As in the binary analysis, the ?
Curie temperature of a solid solution is assumed to vary

linearly with solute concentration. Therefore, by dissolving

atomic fractions Xy and Xjj of solute,

Fe
T = 175 4 AT X, + ATLX ‘
c X7X MM (4.111)

where ATy is the magdnetic parameter for M.
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The magnetic free energy of alpha Fe-M-X may be
obtained by modifying the free energy of alpha Fe (or alpha
Fe-X) in such a manner Ehat the alpha Fe-M-X magnetic free
energy curve maintains the same position with respect to a
new Curie temperature as the alpha Fe (alpha Fe-X) free
energy curve maintains to the old Curie temperature. The
dispi%cements may be obtained in the manner described by
equations 4.22 to 4.25, such that

Qo , . E : o
T~ T - [aTyXy + aTyXyl (4.112)
‘s,,; . .

uFe

-Q &i = FE T® = T
| 6. (T) =6 % (1% (AT, Xy+aT X, 1%s mag (4.113)

mag' ‘mag

The influence of the solutes upon the size of the magnetic
component [41] introduces two constant solute intensity
factors My, My, so that

600g = [1-MyXy 1014, ][Ggig(T )-[8T Xy +aTyx 1957 ] @ 118)
If aTc = (8T X, + aTyXy), equation 4.114 is the form for the
ﬁagnetiz free energy of dilute ternéry solid solutions
implicit in the work of Nishizawa et al.[44]. Species X and
M are considered non-magnetic and are assumed not to
interact magnetically. The magnetic interaction terms may be
defined as in equations (4.28) to (4.33) to give the |

interaction per unit mnie of solute.

e
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‘ ' Fe ,;ay _ ucFe
[aT, + a7 stmag(T ) = “Spag] (4.115)

Th1s gives the alpha Fe-M-X total free enErgy as

_ o.Fe o.M y 0-X
.G (r) = xFe Gnm + x’H Gmﬂ * Xx Enm : S
FeM FeX MX
+ xM[l x"]I 2 xx[i xle + xﬂxxznm

+ RT[Xp EnXp, + XylnX, + x”cnx”]

+ [I-MMXM][1 -Hy ][GFE (T )-[aT, XX*ATH H]u S ]

(4;115)

i\
4.10 Chemical Potentials For Alpha Fe-M-X

The chemical potentiarl, yi. of species 1, in alpha
Fe-M-X is described in the normal manner, with magnetic and

nori-magnetic components, so that,

- ~ 01
n X§Tx H%%ﬁ
uX - uFe + EEE
,Xx
pe uM - BFE‘* éﬁa
Xy o . (4.%17)

As for the binary case in section.4.3 various terms

must be evaluated to obtain a useful chemical potential:

—
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s

nm i
Z«)X‘j . .
ij .
2 aInm 0
an .
3 aXFe = -]
9XigFe
4 axirFe =0 )
an
Fe ay . a
5. 3G . (T%) = a1, mag(T )
— ax,
6. Mi(xi,T) = constant (4.118)

The partial differential of the total free energy of

alpha Fe-M-X with respect to the bulk concentration of X is

a _ o.Fe o X Fex
aGnm = - Gnm + nm + [1-2X ]I
9 X

X

s x X RT[LnX, - tnXg ]

M nm (4.119)

| F
3Bpag - ""x[“"nxn][szzg(T )-[8T g Xy 8Ty Xy Smig]

K e DM J0 MK, ST (T%)-YsTe 1aT,

(4. 120)
The partial differential of the total free energy of alpha
with respect to bulk concentration of M is
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Yoo, XeInn + RT[LnX,, - enx;, )
(4.121)
6mag .. My[1- HXL*JEEFE (T%)-[aT, X +aT,X,1"s ;;g
*n + [1-MyXy 101-M, Xx][Smag(T )-Y mag]AT
(4.122)
‘The chemical potential of Fe is
“Efg = [1-H M xxnxx]EEmagTT )-[aT, X, +8TyX, 1" ;qu
= [1-MyX, J01-M,X, J[AT, X +ATH WIS (1%)-" Spagl
(4.124)
The ghemical potential of X is
inm = %65+ [1-x Jafex Xyl1-x, J1FeM ’
* yl1-x, 0% s RTLnXpe - : (41{25)

X

mag

+ DMy Xy 300-M X, AT, E1-x, g J-8T, xM][sFE (18 f“smaq]

(4.126)

The chemical potential of M is

ay r u.fFe -
Vmag [1 Hx HMHxxH’"MHxxHxx][G (T )i[ATxXx+AT X ] ]

T —

e — A s i . s, e
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M _ o.M FEX
S+ X [1-x ]x"x + RTLnX ,
X M nm T ¥ (4.127)
M _ | M v v 1rnFe 3
Mmag [I—MM*M"MXXX HHHXXHXXJ[Gmaj(TQ) [AT (AT, ]u Fe .

F Fe .
* D1-Myx IO -Myx, 08T, 01X, - ATXXX][S 2g(T%)-"s m§a3

(4.128)
‘For a dilute solution, the magnetic chemical potential of Fe
versus temperature is essentially the same as shown in
Figure 4.5. The maqnetic chemfcal potential of X in a
ternarx~has essentially the same behavior with respect to
its magﬁetfc parameter as in a binéry solution (see Figure
4.7). The effect of the magnetic parameter of M depends
largely on the concentration of M but as seen in
Figure 4.34, decreasing magnetic parameter increases the
chemical potential. The effect of the concentration of
solute M on the chemical potential of X is shown in
" Figure 4.35. Increasing solute content decreases this

potential.

4.11 The Solid solubility of X in Alpha Fe-M-X Solid
Solutions

The limit of solid solubility of solute X in alpha
Fe-M-X occurs when Feaxb or naxb phases are in equilibrium .

with the alpha Fe-M-X solid solution. Solute M will be
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considered a transition metal element such as Mn, Cr, Mo,
and V. Solute X will be considered an impurity element such
as P,Sb, and As. When dealing with systems exhibiting temper
embrittiement it has been noticely [64] that the
intermetallic compounds Fe, X, and M, X, have the same crystal
structure and that complete miscibility exists between them.
Therefore the compound beta (Fey!]_y)axb {where a + b = 1)
is in equilibrium with the alpha Fe-M-X solid solution. As
shown by Hillert [65] and by Guttmann [64), the conditions
of equilibrium between the solid sa{;tian alpha and the
compound beta are obtained by treating beta as a regular
solution of the two binary compounds Fe,X, (denoted 61) and
Maxb (denoted 82) with concentrations y and 1-y, that is

g8 = ogf!
02 _ BGQZ

+ aRTény

L]

G + aRTen(1-y) o~
7 (4.129)

At equilibrium, the condition set out in equation (4.57)

must be applied such that

ay + by = G
ay- + bux = ng
where w'o= %l e RTLn, (4.130)

Equations 4.129 and 4.130 are combined to give the system of

equations

(L]
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a®F® + arTeaxg, + 6% + bRTZAX, = %67 + arTERy
a%M ¢ arTenxy + %W 4 bRTEAX, = %62 4 arTER(1-y)
(4.131)
2681 < 0601 _ 40 Fe | by X
2692 . 0502 _ aaun,_ baux
(4.132)

To solve these equations for the solubility, xi. it is
.
necessary to eliminate y and assume a dilute solution. The

exponentials of equations (4.131) are taken and y separated

out to give

y = XFexglaexp(EAGQ1/aRT)

1-y = anp/aexp(!aseziaﬁ-ﬂ C . (4.133)

»

Eliminating y gives

b/a P ) Y Y ,
1 = X" "[Xe exp(-4G" " /aRT)+X exp(-AG°¢/aRT
X € mexed /AR 4 130)

F
Applying the dilute bulk approximation, where the
concentration of X is small, gives
S AT : b B
Xy = exp(AG™  /bRT
K- L5RT) (4.135)

[1-Xy*+Xyexp(-a6'/arT))?/P

M
86" = a6%% - 269

. : (4,136)



141

The numerator of equation (4.135) denotes the
solubility limit of X in alpha Fe in the absence of M and is

 exactdy equivalent to equation (4.60). It is immediately

obvious that both aG®'! and AG' have terms of excess free

energy that are magnetic in nature such that:

L4

81 = 0,01 _ . Fe . . X 1 _ Fe oo X (4.137)
46 670 - lawgy *+ by ] - [ Vmag * b“magj

\G' = 9682 _ 0,01 . M Fe M Fe

a6 67" - 76T - af nm ~ Mam * Ymag " 'magJ

(4.138)
Applying the dilute bulk regular solution approximation, the
magnetic componeht of equation (4.137) becomes

Fe ucFe 5
-A 31g = [1-biy+bMy M X 1065 (T%)-aT, X, s 0 ]

Fe u.fFe
- [1- HHXH][bAT -AT ][Smag(T )- Snagj (4.139)

Likewise, the magnetic component of equation (4.138) is

1] 2 - ﬁ £
AGmag a BGma,
a"H (4.14Q)

Which is equivalent to a constant times equation (4.122) and

- ay _ X Fe |
AEmag aM, [G mag(T ) - 4T, ,mag]

Fe a u_FfFe '
- a[l- -MyX Fflaﬁlfmag(T ) - Smagj (4.141)

where T° =. T-aT X,. Under these Qircumstaﬁ:es the limit of |
solid solubility for X may be obtained from equation {45 135)
analytically,

The effect of the magnetic parameter of the transition

metal alloying elemept, ATMi on phgéphcrus solid solubility
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in alpha Fe-0.01M-P is shown in Figure 4. 35 As can be
noticed, the general shape of the binary 5alubility curve
(see Figure 4.12) is retainedg However, a large negative
magnetic parameter of M further decreases the solubility
below the Curie temperature significantiy.*An increase in
the amount of transition metal, M, present also
significantly decreases ;Qiubiiity of P in alpha Feim-gjas
is shown in Figure 4.37. -

The two previous figures are concerned with magnetic
interactions. It is of interest to also consider chemical
interaction among the elements as in the workK of Guttmann
(58]. He defined a preferentia]kinteractian coefficient
Between M and X, I', such that, in the paramagnetic limit,

~86" = abJ* , N
(4.142)
A large positive I’ denotes a strong attraction between M
and X atoms.'? The effect of I’ on P solubility in alpha
Fe-0.01M-P is shown in Figure 4.38. As expected, large

1::sitivg I’ drasticaijy~redﬁces the maximum amount of P in

solution. In other words, M atoms ’scavengé‘ P atoms §ﬁﬂ
form some type of complex. The definition of aG’ aii@ﬁs for
its calculation from experimental data. Guttmann determined
[’ for various transition metal- phosphorus combinations as
shown in Table:4.4

by making use of fhe experimental solubility data of Kaneko
[23]i Figure 4. 39 Table 4.4 also contains magnetic

‘31' will be more Fu1ly explained in section 4.13.



Table 4.4 Interaction
solubility data [64]

M element

Ni

~Cr

-parameters for M-P calculated from

Interaction
parameter
(Kd/mole)
30.
66.
100.
143,
170.
184,
221,
256.

II

1

9
3
8
7
0
0
4

143

Magnetic Parameter

(K)
-400
-1300
-800
1000
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Figure 4.39 The experimental sclid selubiiity of phasﬁhaﬁus~
for seleeted ternaries [23]. .
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parameters lwhere available) for the metals. There is no
direct relatlonsh1p between I’ and the magnetic parameter

When considering Figure 4.39, it should be noted that
'all solubility determinatiens lie above the Curie
. temperature. Therefore, a calcu]ated AG' represents a vaige o
close to its paramagnetic limit. Héueggriithere are still
some short range magnetic interactieﬁsrtakiﬁg place. In
general, .the magnetic component of aG’ raises the total
value of aG’ . The calculated values of I' should be
therefore considered high. A paramagnetic I’ being defined
conetant is, in fact, a type of zerath approximation with
respect ‘to tenperature A future consideration may be the
determgnat1on of an I' that is linear with system
temperature (i.e. a first approximation). In the present
work, Guttmann’s values of 1* will be used when combining
magnetic and chemical effects in real systems. Figure 4.40
shows the ealculated solid solubility of P in seiecied agphé
Fe-0.01M-P.systeps. At temperatures above the system Curie
temperature, thehsolubiiity curves are very similar to those
in Figure 4.39. However, below the Curje temperature, the
predicted curves deviate greatly. 7 |

Of special interest is the Fe-V?P system. Tﬁe magnetic
parameter for small amounts of vanadium shculdgbe
approximately +1000 K. A positive magnettc parameter raises
the solubility limit of P. Therefore, althcugh the Cr curve
depends on a smaller 1', it also depends on a smaller ‘

magnetic parameter, and at some low temperature actgallj
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crosses beiow thL V curve. Two specific examples of alpha
Fe-M-P systems are now shown. Dashed lines in the next two
figures represent the paramagnetic limits of solid
solubility. Figure 4.41 exhibits the predicted alpha Fe-Mo-P
systems and Figure 4.42 the predicted Fe-V-P system. It is
clear that ferromagnetism can either raisg or lower the

'solubility depending on the magnetic parameter.

4.12 vacancy Concentration in alpha Fe-X .

The following treatment for ternary systems corresponds
to that found in section 4.5 for binaries. Yhat is, consider
a hypothetical alpha Fe-X solid solution, denoted A, that
contains no vacancies at any temperature. Now, assume that
vacancies introduced into the solution may be treated like a
solute species. Therefore, one has an ailpha Fe-X-v ternary
solid solution. By analogy with an alpha Fe-M-X regular '}
solid solution; the free energy of alpha Fe-X-v may be
written as

Xv

. L oo
T 0.A 0.V y 0-X y tAX A
6" = xA Gnm * xv Gnm * XX Gnm * xAxxInm.* XvaInm

+ XX, IAV + RT[XyEnX, + X CnX, + X CnX ]

+ [1-M x ][] Hxxxj[Gfi:Q(TT) EAT X, *AT X ]usisq] (4 143)

The equilibrium vacancy concentration occurs where the
ternary free energy 15 a minimum with respect to the vacancy
concentration. Again, a dilute bu ik approximation may be

applied, XA ~ 1-Xy, and the free energy of the alpha Fe-X
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solution approximates that of the hypothetical solution.
Therefore, the derivative may be written as

T RTrex e RTAel1 v )\ ,
?_g_ = RTCan + RTLn(]*XH) *Qu t Qmag
-} v 7 -
=0 (4.144)

where the magnetic component of Q is

. MY _oFe T,

m
. o Fe T, u.fFe
* [&TviATXXXJ[Smag(T )- Smag]} (4.145)

The equilibrium concentration of vacancies is given by

Xy = [1ixHjexp(-[Qnm+Qmag]/RT) (4.146)

' This equation is similar to equation (4.68). A large
negative magnetic parameter for the.solute X slightly
inereases the vacancy concentration.'?

If the solute is substitutional, the diffusion
coefficient of X in alpha iren‘wif} depend on the vacancy
concentration in the bulk. There¥fore, the diffusion
coefficient of X will behave in a manner similar to the
self-diffusion coefficient of alpha iron. This has been

observed experimentally for various species in Fe [35,66].

The definition of T! is

T _ _ . oA .
TOo= T - ATy - AT X,

'3There is a solute-vacancy attraction.

o
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4.13 Grain Boundary Segregation in Alpha Fe-M-X Solid
Solutions

The thermodynamic analysis of section 4.6 is now
applied to ternary solutions of alpha iron. The segregation
free énergy as defined in equation (4.85) depends on the
standard free energies of the solute components and their
interaction parameters. Guttmann [17] proposed that the
segregation free energies for an alpha Fe-M-X system may be

approximated by

,X*D X *i"é='3
86" = J46" + I'[Xj-Xg]

agM = %™ 4 rrpxdoxgy (4.147)
in a competitive model.1'4 [’ is a preferential interaction
parameter for solute X and M such that

[' = IH?g IFex _ IFeH (4.148)
The effect of an attractive I’ interaction (positive 1') is
to increase the segreﬁaticﬁ free energy and therefore the
tendency of a solute to segregate. The effect of 1’ on
segregation free energy (in absencg of magnetic
interactions) is shown in éigure 4.43 for alpha Fe-M-X. The
corresponding calculated grain boundary solute concentration
curves for competitive segregation are given in Figure 4.44
These curves were produced by the program developed in the
prese%t work and they éarresp@ﬁd exactly to Guttmann’'s

'4In a non-competitive model, I' is modified by the

composition of an M-X compound.
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curves. )

The assumption that the segregation free energies vary
linearly with boundary solute content shouid allow I’ and
standard segregation free energies to be determined
experimentally. This, in fact, has been investigated by
~ Guttmann [60] who determined that the standard segregation
free energy for phosphorus is between 40 and 45 KJ/mole and
for transition metals between 0 and 10 Kd/mole. These valyes
will be used here for convenience. However, as is shown in
the present analysis, segregation free energy does not vary
linearly with boundary saiu%e content. This is evjdent upon
inspecting the magnetic component of segregation free
energy. This affects the experimental determinations of both
I' and the standard free energies. Guttmann’'s free energy of
segregation is apprgxihate]y equivalent fé a parémagnetic
component of segregation free energy and is used as such in
this work. '

Guttmann’s analysis is now applied to ternary alpha
Fe-M-X solid solutions using the chemical potentials
obtained in section 4.10. Chemical interactions are taken
into consideration when examples of specific systems are

exhibited.

4.13.1 Case I: Grain Boundary Free Energy Without Magnetic

rTerms

This approximation is considered for the same reasons

stated in section 4.7.1, i.e. to obtain trends. The grain
T Ry
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i

boundaries'will be considered non-magnetic, i.e. they cannot

take part in any magnetic interactions and there are no

magnetic terms in the boundary free energies. Direct

analytic solutions were therefore calculated. To obtain an

i

equilibrium segregation equation, the following conditions

‘are applied for some system temperature T,

as

LA (4.149)
, , , ] <N )
The chemical potentials from séetion 4.10 are defined,

in section 4.7.1, to be

»ptx = Bu;; + RTﬂnK; - Owy

aX

0 aX . | Lak o e i
Y RTcnxx + Ymag (4.150)

* VYom
aX
u

ubh o oo, RTLnX$ - ouwy
uEH &
mag (4.151)

o aM .
= Mom + RTLEXH +

~aM
u

\F ¢ s ¢Fe
E@,g . Qi¢7e

nm e

o ¢ -
* RTEnXE, - ou
o afFe afFe
nm “mag

. uaFe (4.152)

Tony®
+ RTinXFe +
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£gain, by eliminating'the surface tension terms and 7
assuming the atomic structure of the grain boundary is not
altered (all partial molar areas are equal), segregation

equations are obtained,

' $ya Qud X I .X
} RTLn(XxxFe/XxXFe) * AGnm + Aumag | 7
. 0 aX_o ¢X o aFe o ¢Fe, aX _ ¢Fe (4.153)
T HamT YpmT Hom nm Ymag Hmag

dyQ Ay - M I M
RT{"(XMxFe/XMXFe) - AGnm * AGmag

u -
- 0 aM o ¢M o afe o ¢Fe*uaﬂ ELI¢Fe
nm  “nm- “nm nm "“mag "mag

(4.154)

The magnetic segregation free energy of solute X is given by

X

AGmag

= -M.[1-M x21rcfe (ray. a,,r yaqu.Fe
X[] MMXM][Gmag(T ) [ATXXX+ATMXH* SmagJ

VT T Fe ,ra, u.Fe
+ MyXu 100 Mxxx]ATx[smag(T ) SmiQJ (4.155)

The segregation free energy of M is perfectly symmetrical to
this expression (subscript X is replaced by subscript M, and
vice versa). If the amSunt of non-magnetic solute X in the
buik is shall. and applying the'approximaticﬁ in eq&atiéﬂ

(4.35), then the segregation free energy beegﬁes .

X

AGmag

- . . a Fe
[1-My X316, 2 (T)
a 4 Fe ay u.fFe
¥ [ATMXM'ATX][Smag(T )- Smag]} (4.156)
Therefore, unless the bulk content of M is very high, the
magnetic segregation free energy of X is not very dependent
on the magnetic parameter of M. An example of this situation

is shown in Figure 4.45. These curves have the same shapes
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as observed in the analysis of binary solid solutions. The
competitive boundary segregation curves corresponding to
» Figure 4.45 are shown in Figure 4.46. For the sake of (
comparison, the bulk solute content of M is st higher than
that of X, éimuiatiﬁg the sftuatiaﬁ where M is a transition
metal alloying element and X is an impurity eiement!jﬂug;;g
competition, an M species with a large negative magnetic
parameter will depress the grain bguhdary*cgntent of X. As
the magnetic parameter of M becomes larger, the segregation
curve for X approaches a limit which corresponds to. the
equivalent ségre;atiaﬁ curve in the alpha Fe-X binary.

. The bulk content of one solute may also drastically
: affeét the grain boundary concentration of the other.
Figure 4.47 shows fhe behavior of predicted grain boundary
solute concentrations with varying bulk content of M. A
large amount of solute M in the bulk may reduce the grain
boundary concentratior of X especially at higher «
temperature. This may occur even if M has little effect on
the magnetié properties of the solution (magnetic parameter
of M is zero). This situation could be encountered Qhere M
is a metal alloying elemqu and X an impurity element,

Case |, as outlined, points out the ggneral trends of.
the effect of ferromagnetism on segregation. However, ‘the
shortcomings of Case | discussed for binary solutions are |
likewise present here. Therefore, Case JI will now be

considered.
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4.13.2 Case 11: Grain Boundaries May Be Ferromagnetic

As described in section 4.7.2, the only difference
- between a 2-d and a 3-d phase is the 2-d surface tension.
The chemical potentials of the grain boundary species would ”
have magnetic components and would be written analogously to
the chemical potentials in section 4.10. The Guttmann
dnalysis is again applied's and for a system temperature T,

the equilibrium segregation equations result, from the

conditions

Wt out o Rrenx® - gy 4+ O

nm i mag
. 0 ai a ai .
= THpm t RTERXS 4 “mag v
= ! (4.157)

The magnetic segregation of solute X is given by

X IT, . X
AGnm + AGmag

ouax,_ o ¢X _ o afFe _ o ¢Fe

dya ay¢
RTEn(XyXp o /XyXE )

nm nm nm nm
aX aFe o X oFe
* Ymag * Pmag " Vmag * ¥ma "(4.158)

The magnetic free energy of segregation for solute M is
symmetrical to the above equation with subscript X being

replaéed by M and vice versa. After treatment as in Case I,




IL, X o riom x®1reFe (101 ror y0urr yd7ucFe
86pag = MyL1-Myxglle 20 (T%) [ATXX¥ ATy X§1 Spag]

r F1.M y21refF® (1Oy_rat y%:at1 yaqUcFe
- Hx[1§HHxMJ[Gmag(T )f[ATxXx+ATMXH] Smag]

M ov®irT M vy P Fe -6, _ucFe
[l-MMxH][1§Mxxx]ATx[s, (T%) smag]

- mag
M YRIr1 M Y& Fe ay. u.Fe
- [1§HHXH][1stXx]QTx[Smag(T ) smag]

(4,159)
This equation cannot be evaluated directly but equation

(4.85) must be considered for X and M, such that

xg = x5 exp(MTag¥/RT)
a_ya ya o T1, X I ,
1—X;=X;*X§exp(”éG /RT)+X:exp(’IAGM/RT) ,
x§ = x3 exp(11agM/RT)
1sXE-Xd¥X3é£p(IIQGX/RT)*XQEMQ(IIAE”!RT)
X "MTX M= , (4.160)

\
are solved Simuitgneaus1y‘FGF roots. This is a somewhat more
difficult numerical analysis than performed in the binary
case.

Figure 4.48 shows the magnetic segregation free
energies of alpha Fe-M-X as a function of temperature and
magnetic parameter of M. As in Case I, large negative
magnetic parameters lead to larger segregation free
energies. The general shapes of the binary curves are
retained. HGWEVE;@ since X and M interact and are
competitive, a reduced magnetic segregation free energy fore. .
M (due to a larger magnetic parameter of M) reduces the
magnetic segregation free energy for X. These curves may

have steps and a complex behavior (duye to magnetic
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interaction and site competition). Figure 4.49 is the
céFFESpaﬁding grain boundary solute content curve. Curves A
show that similar solute share grain boundary sites. A large
difference in segregation fyee energies usually allows one -
solute species to 'win out’ over the other. The effect of
bulk content of M on the magnetic segregation free energies
is shown in Figure 4.50 and the corresponding grain boundary
segregation curves in F?guré 4.51. It is evident that in a
competitive model even solute M with a zérc magnetic
parameter but large bulk content may reduce the DQUﬁdary
content of X. A similar effect from the non-magnetic
segregation free energy of ??1'5 shown in Figure 4:.52.

In a noncompetitive situation, the grain boundary
segregation curves are similar to the binary Ségregaticn
curves. That is, the segrégatieﬁ curve for each solute is
shifted when the segregation freeienergy for that solute is
modified by considering magnetic terms. The effect of one
solute on the other is small unlegs there is a strong
(usually chemical) interaction between the solute. “In such a
case, the strangi; segregating solute 'drags’ the other
solute to the boundary, so that the seg;egati@n of tée

weakly segregating solute is enhanced.
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4.14 Predicted Grain Boundary States in Certain Ternary
Systems .
As outlined in section 4.8, the state of a grain

boundary #s dependent on its solute content. The same
possibility exists that boundaries rich in solute can
achieve a transition to the paramagnetic state as
segregatién causes the Curie temperature of the boundary to
fall below the system temperature. The grain boundary Curie

»
temperature for an alpha fFe-M-X is

SEIR SANAS I aT 18 e
No simple criteria for transition may be applied to ternary
'segreg;tion curves as was the case in the binary model. This
is due to, the écmpiéﬁ?relatianship between the various grain
boundary solute concentrations.

It is possible, however, to repnesent the transitions
as was done for binaries in Figure 4.33. Figure 4.53 shows
the equilibrium grain boundary segregation curves quivaieht
to the segrégaticn curves in Figure 4.52. With lowering
- temperatures, ‘he paramagnetic to ferromagnetic to
paramagnetic transitions are easily seen.

Three specifig competitive alpha Fe-.01M-P systems aré
now considered. Figure 4.54 shows the predicted grain
bougdary concentration of P for alpha FEEiOENi*-OOD1P under
chemical, magnetic or both types}éf interactions. As is
immediately evident, the magnetic interaction significantly
shifts the segregation curve to higher temperatures
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:(iﬁcrenses segrggatianf, In this:situation, the magnetic
interaction i; stronger than the chemical interaction.

The second example concerns a]pﬁa Fe-iDF'.-.DDDIP.
Figure 4.55 shows the.predicted grain boundary. concentration

of P under the various interaction possibilities. The

strength. The combination of both interactions shifts the
segregation to significantly hiSEer temperatures.
ample shows an alpha

However, the thir
Fe-.01Cr-.0001P system. Figuke 4:56 indicates that the
excess chemical segregation free energy has more impéct on '
the grain boundary composition than the magnetic segregation
free energy. The calculated segregation curve is still
significantly shifted té higher temperatures (dotted line)
but the step or transition temperature is not as affected.
Fig@re 4.57 shows the corresponding equilibrium Curie
temperature curves. This indicates that strong chemical

effects may also reduce the range over which the grain
boundary may be Ferramagﬁetiéi ‘ .

A word must be said ‘about the steps occurring in the J
previous figure. When the segregation curve sbéwsia
non-function relation, that is, when there is more than one-
grain boundary ;émpasitian possible for a system S
temperature, the solid solution becomes metastable. The
stable céﬁfigufatian requires two solid solutiof with a
transition occurring at the inflection in the segregation
curve. This point occurs at the mid:point of the S-shaped

-



